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Dissolved Organic Carbon Concentrations and
Compositions, and Trihalomethane Formation
Potentials in Waters from Agricultural Peat Soils,
Sacramento-San Joaquin Delta, California:
Implications for Drinking-Water Quality
By Roger Fujii, Anthony J. Ranalli, George R. Aiken, and Brian A. Bergamaschi

ABSTRACT the upper soil zone, with median concentrations
ranging from 49.3 to 82.3 milligrams per liter.

Water exported from the Sacramento-San The dissolved organic carbon from the
Joaquin River delta (Delta) is an important

lower soil zone had significantly higher aromatic-
drinking-water source for more than 20 million

ity (as measured by specific ultraviolet absor-
people in California. At times, this water contains

bance) and contained significantly greater
elevated concentrations of dissolved organic car-
bon and bromide, and exceeds the U.S. Environ-amounts of aromatic humic substances (as mea-

sured by XAD resin fracfionafion and carbon-13
mental Protection Agency’s maximum

nuclear magnetic resonance analysis of XAD iso-
contaminant level for trihalomethanes of 0.100
milligrams per liter if chlorinated for drinkinglates) than the dissolved organic carbon from the

water. About 20 to 50 percent of the trihalom- upper soil zone. These results support the conclu-

ethane precursors to Delta waters originates fromsion that more aromatic forms of dissolved organic

drainage water from peat softs on Delta islands,carbon are produced under anaerobic conditions

This report elucidates some of the factors and pro-compared to aerobic conditions.

cesses controlling and affecting the concentration Dissolved organic carbon concentration, tri-

and quality of dissolved organic carbon releasedhalomethane formation potential, and ultraviolet
from peat soils and relates the propensity of dis-absorbance were all highly correlated, showing

solved organic carbon to form trihalomethanes tothat trihalomethane precursors increased with
its chemical composition, increasing dissolved organic carbon and ultravio-

Soil water was sampled from near-surface,let absorbance for whole water samples. Contrary

oxidized, well-decomposed peat soil (upper soilto the generally accepted conceptual model for td-
zone) and deeper, reduced, fibrous peat soil (lowerhalomethane formation that assumes that aromatic

soil zone) from one agricultural field in the westforms of carbon are primary precursors to triha-
central Delta over 1 year. Concentrations of dis-lomethanes, results from this study indicate that
solved organic carbon in the upper soil zone weredissolved organic carbon aromaficity appears

highly variable, with median concentrations rang-unrelated to trihalomethane formation on a
ing from 46.4 to 83.2 milligrams per liter. Concen-carbon-normalized basis. Thus, dissolved organic
trations of dissolved organic carbon in samplescarbon aromaticity alone cannot fully explain or
from the lower soil zone were much less variablepredict trihalomethane precursor content, and fur-
and generally slightly higher than samples fromther investigation of aromatic and nonaromatic
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forms of carbon will be needed to better identifyfarming the rich organic soils of the Delta, and, by
trihalomethane precursors. 1869, extensive levee systems were built around Sher-

man and Twitchell Islands (California Department of
Water Resources, 1993) to allow for the expansion of

INTRODUCTION agriculture. Reclamation of Delta islands for agricul-
tural purposes continued into the 1920’s, and agricul-

The Sacramento-San Joaquin River Delta ture accounts for about 70 percent of the current land-
(fig. 1), hereafter referred to as the Delta, suppliesuse in the Delta (Templin and Cherry, 1997).
drinking water to more than 20 million people in Cali- Reclamation of Delta islands by the construction
fomia. Delta waters contain elevated concentrations ofof levees and the dewatering of soils for agricultural
dissolved organic carbon (DOC) and bromide (Br) andproduction has increased the exposure of organic soils
can, at times, exceed the U.S. Environmental Protec-to oxygen, resulting in subsidence of the land. Micro-
tion Agency’s (USEPA’s) maximum contaminant levelbial oxidation of the peat soils is the predominant pro-
(MCL) for trihalomethanes (THMs) of 0.100 tess that contributes to the loss of land-surface
milligrams per liter (mg/L) (U.S. Environmental elevation in the Delta (Rojstaczer and Deverel, 1993,
Protection Agency, 1994) if chlorinated for drinking1995; Deverel and Rojstaczer, 1996; Deverel and oth-
water (Amy and others, 1990; California Departmenters, 1998); parts of the Delta are more than 20 ft below
of Water Resources, 1994a). This constraint will sea level (California Department of Water Resources,
become more stringent when stage one of the 1993). The resulting large difference between Delta
Disinfectant-Disinfection Byproducts rule is imple-channel water levels and island land-surface elevation
merited (originally scheduled for June 1998), underincreases hydraulic pressures on levees, increasing the
which the MCL for THMs will be decreased to 0.080probability of levee failure and also requiring the
mg/L (Pontius, 1991; Means and Krasner, 1993). pumping of large volumes of drainage water off the

Drainage water from Delta islands is estimatedislands to maintain ground-water levels below crop
to contribute from 20 to 50 percent of the DOC contrib-root zones.
uting to the formation of THMs (THM precursors) in Ground-water levels under the Twitchell Island
water samples collected at the H.O. Banks pumpingagricultural field studied for this report are maintained
plant (Amy and others, 1990; California Department ofat about 3 ft below land surface under nonflooded and
Water Resources, 1990). The H.O. Banks pumpingnonirrigated conditions, resulting in a vertical oxygen
plant is one of the primary diversion points from thegradient within the soil profile--aerobic at the surface,
Delta for drinking-water supply. The release of DOCtransitioning to anaerobic below the water table. Under
from organic peat soils is believed to be the primarythese contrasting redox conditions, microbial decom-
source of the DOC and THM precursors to the islandposition of the soil organic matter (SOM) differs.
drainage water from Delta islands (Amy and others,Under aerobic conditions, microorganisms decompose
1990; California Department of Water Resources, SOM at much faster rates, with carbon dioxide (CO2)
1994a), although other carbon sources, such as recentand water (H20) as their metabolic end products.
crop residue and microbial biomass, also contribute toUnder anaerobic conditions, bacterial decomposition
DOC releases. Island drainage water is pumped overrates of SOM are much slower and result in reduced
the levees and into the channel waters of the Delta.compounds such as gaseous nitrogen (N2), hydrogen

Organic soils in the Delta developed primarilysulfide (H:zS), and methane (CH4) [depending on the
from the accumulation of decaying plant material inavailability of oxidized forms of nitrogen (N), sulfur
this once tidal wetland during the last 10,000 years(S), and carbon (C) as terminal electron acceptors] as
(Atwater and others, 1977; Atwater, 1980). Decompo-their metabolic end products (Stevenson, 1985, 1994;
sition of the organic material by bacteria, fungi, andTate, 1987). Under both redox conditions, decomposi-
other organisms has contributed to the formation of thetion of SOM releases carbon that is potentially avail-
peat soils present on Delta islands, up to 60 feet (ft)able to the aqueous phase. These contrasting
deep in some areas (California Department of Waterdecomposition pathways result in two soil layers that
Resources, 1993). By the mid-1800’s, settlers begangrade from one to the other. The surface and
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Figure 1. Location of the study area, Twitchell Island, Sacramento-San Joaquin Delta, California.
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Figure 2. Location of the lysimeters and piezometers in the agricultural field study site, Twitcheli Island, California.

near-surface soils form an oxidized, well-decomposed,Composition and Reactivity of Dissolved Organic Car-
organic soil layer. Below the water table, deeper thanbon section of this report.
about 4 ft below land surface, is a reduced, fibrous peat Organic matter derived from different sources
soil layer that is much less decomposed. The chemical(for example, historically accumulated peat and recent
characteristics of the different organic compoundsagricultural inputs) and affected by different processes
released to the aqueous phase under these different(for example, decomposition under varying redox con-
redox conditions are discussed in detail in the ditions) has distinctive chemical characteristics

4 Dissolved Organic Carbon Concentrations, Compositions, Trihalomethane Formation Potentials, Sacramento-San doaquin Delta
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associated with those materials and processes. The(DWR) Municipal Water Quality Investigation Pro-
DOC released from SOM is a complex, heterogeneousgram and is part of the USGS National Drinking Water
mixture of a multitude of organic compounds whoseInitiative.
chemical characteristics and reactivity.are the result of
all of the factors (organic matter sources, land-use prac-
rices, hydrology, and so forth) and biogeochemical pro-DESCRIPTION OF STUDY SITE AND STUDY
cesses (microbial decomposition, redox reactions,DESIGN
sorption to solids, and so forth) affecting DOC within
the system (Aiken and Cotsaris, 1995). Throughout the One agricultural field on Twitchell Island in the
Delta, these factors and processes vary spatially, andwest-central Delta (fig. 2) was chosen for the study.
the DOC produced varies in composition and reactiv-Corn was grown in the field during 1996 as well as
ity. Thus, not all DOC in drainage water is the same,during the previous several years. Corn is one of the
and not all organic compounds react in the same way orpredominant crops grown in the Delta, and the field
to the same degree. This underlying premise must bewas chosen to represent a typical land-use practice in
considered when assessing the origin of THM precu~-the Delta. Soil at the site is classified as a Rindge muck,
sors in the Delta. with oxidized, well-decomposed peat dominating from

The primary focus of this study was to evaluatethe surface to about 2 ft below land surface, and
the concentration and composition of DOC releasedreduced, fibrous peat dominating below about 3.5 to 4
from the soil and in drainage water from one agricul-ft. Soils at the site contain high concentrations of SOM.
tural field on Twitchell Island in the Delta (fig. 2) andConcentrations of soil organic carbon (soil organic
to relate the DOC composition to its propensity to formmatter is approximately equivalent to twice the soil
THMs. organic carbon concentrations) at sites where lysimeter

The purpose of this report is to transfer informa-and piezometer samplers were installed (described in
tion and understanding of the results of the DOC/THMthe following paragraph) ranged from 18.3 to 27.7 per-
drainage-water study to the cooperator and other water-cent carbon for near-surface soils (0.5 to 1.5 ft below
resource managers. The report focuses on data andland surface), from 25.2 to 36.9 percent carbon for soils
interpretation of the more salient aspects of the DOC/from 4.5 to 6.0 ft below land surface, and from 24.3 to
THM drainage-water study, and many of the details38.6 percent carbon from 6.0 to 7.0 ft below land sur-
regarding methods and additional data are in the appen-face. In November 1995, after the irrigation season and
dices. Appendix A reports sample collection methodsbefore the winter rains, the water table was about 3.0 to
and the analytical results from the DWR Bryte Labora-3.5 ft below land surface.
tory. The DOC, ultraviolet absorbance (UVA) at 254 Three pairs of stainless steel lysimeters and pie-
nanometers (nm), specific UVA (SUVA or UVA/DOC),zometers were installed at the northwestern end of the
and analytical methods for samples analyzed by thefield (fig. 2), spaced about 40 to 80 ft apart. The lysim-
U.S. GeologicalSurvey (USGS) are presented in eters were installed from 0.5 to 1.5 ft below land sur-
appendix B. Appendix C describes the methods andface to sample soil water influenced by the oxidized,
results of the DOC fractionation and isolation tech-well-decomposed peat soil layer (upper soil zone,
niques using XAD resins. The methods and data forUSZ) (fig. 3). The piezometers were installed from 4.5
THM formation potential of selected whole-water sam-to 6.5 ft below land surface to sample ground water
pies and DOC isolates (fractionated using XAD resins)associated with the reduced, fibrous peat soil layer
analyzed by the USGS are presented in appendix D.(lower soil zone, LSZ). Placement of the lysimeters and
Appendix E presents methods and results of liquid-piezometers was designed to sample DOC released
state carbon-13 nuclear magnetic resonance (13C- from soils influenced mainly by aerobic and anaerobic
NMR) analyses of selected XAD fractionation isolates,soil microbial decomposition processes, respectively.

13solid-state C-NMR analyses of selected DOC iso-The samplers were installed parallel to and about 50 ft
lates, and preliminary analysis of two soil samples bysouth of the ditch that drains the field, and their place-
solid-state 13C-N1VIR. Appendix F presents DOC, ment was intended to capture water draining from the
SUVA, and other water-quality data for three wetland-field to the ditch.
habitat test ponds. Four pairs of lysimeters and piezometers were

This study was done by the USGS in cooperationinitially installed in the field. During installation of the
with the California Department of Water Resourceslysimeter and piezometer at site 3, water was filling the

Description of Study Site and Study Design 5
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Ground-water table - 4.5 to 6.5 feet below land surface

- no irrigation - reduced, fibrous peat
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Figure 3. Typical installation of lysimeter and piezometer pairs for sampling soil water from the upper and lower soil zones, Twitchell Island,
California.

borehole from an opening about 2 ft below land sur- Hydrologic Framework for Study Design
face. It appeared that this represented a direct connec-
tion from the ditch draining the field to the borehole, A simplified conceptual hydrologic model
either a channel in the peat or a rodent hole. Water-(fig. 4) provides the framework for interpreting the

DOC data for the agricultural field. The study beganquality results from Lysimeter 3 and Piezometer 3 sup-
ported this observation. The results indicated that theafter the field was intentionally flooded (fig. 4a) in Feb-

quality (DOC and specific conductance) of water sam-ruary 1996. The ditch draining the field was plugged,

pied at this site was considerably different from theand water from the ditch overflowed into the field,

other three sites and was similar to the quality of waterflooding the field to about 3 ft above land surface in the

in the drainage ditch. It was concluded that soil waterarea where the lysimeters and piezometers were
located. The drainage ditch supplies water to the fieldsampled at site 3 was being significantly influenced by
for winter flooding and receives drainage from the fieldwater originating from the drainage ditch and did not

represent water that was influenced mainly by sur-and from fields to the east. Because of the multiple

rounding peat. Therefore, sampling from this site wasroles of the ditch, the water flooding the field was from

discontinued and results for Lysimeter 3 and Piezome-a combination of sources: irrigation water siphoned
from the San Joaquin River, precipitation accumulating

ter 3 are not included in this report, in the ditch and falling directly on the field, and water
Lack of available water in the unsaturated zoneoriginating from fields to the east that contribute water

for much of the year greatly hindered using the lysim-to the ditch.
eters to sample soil water in the USZ. Although lysim- Prior to flooding, precipitation during late
eters are designed to sample unsaturated soil, obtainingDecember 1995 and early January 1996 began saturat-
sufficient water for all the analyses was difficult, excepting the soils and leaching accumulated salts and DOC
when the field was intentionally flooded in Februarytoward the water table and laterally toward the drainage
1996. Even during the period when the field was irri-ditch. When intentional flooding began (fig. 4a), most
gated, sample volumes obtained from the lysimeterswater probably moved downward, saturating the soil
were small, which limited the types of analyses done.and releasing carbon from the soil, thereby increasing
In contrast, piezometers, which were installed belowinterstitial DOC concentrations in the USZ and LSZ
the water table, supplied ample water for analyses,with time.

6 Dissolved Organic Carbon Concentrations, Compositions, Trihalomethane Formation Potentials, Sacramento-San Joaquin Delta
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a. Flooding/Leaching                                          surface
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Figure 4. Simplified conceptual hydrologic model of the field studied, Twitchell Island, California.
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Figure 5. Specific conductance of lysimeter samples, December 1995-Januaw 1997, Twitchell Island, California.

The field was drained in March after 1 month oflarge amounts occurred at the end of December and in
flooding. During this period, water transported DOCearly January 1997, which caused flooding throughout
from the field to the ditch (fig. 4b). Following draining,northern California and the Delta. Final sampling of the
the field was plowed and corn was planted in June. Thefield took place in early January. Near-surface soil
crop was first irrigated in mid-July, after which irriga-salinity was high at this time, with specific conductance
tion water was applied at various intervals until Sep-values as high as 6,780 microsiemens per centimeter
tember 5. After the field was drained and during the(lxS/cm) (fig. 5), reflecting dissolution of accumulated
cropping/irrigation period (fig. 4c), the near-surfacesalts.
soil went through periods of wetting and drying, result-
ing in considerable variations in soil moisture. Under
conditions of variable soil moisture and relatively highSampling and Anal~icai Apl~toach
temperatures, it was assumed that microbial activity
varied, and reached periods of maximum activity in Lysimeters, piezometers, and the ditch draining
surface and near-surface soils, which most likely the field were sampled monthly to assess the DOC
released large amounts of available carbon, released from the two soil zones and the drainage from

Corn was harvested in mid-October and the fieldthe field. In addition, samples were collected weekly
was left fallow (fig. 4d). In the near-surface soils, during the intentional flooding period, from the begin-
microbial activity continued to release available carbonning of February to the beginning of March. Samples
from the peat soil, and evaporation increased the levelswere analyzed for DOC and UVA by the USGS using
of soil salinity during this period. Small amounts ofthe methods described in appendix B. Specific eondue-
precipitation occurred in early December 1996 andtance and pH of water samples were measured in the
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field. Samples for which enough water was availableDelta. Sources of carbon (peat vs. recent vegetation)
also were analyzed for DOC, UVA, Br, trihalomethaneand the relative amounts of organic and mineral soils
formation potential CI’HMFP), major cations [calciumpresent in the different regions are important factors
(Ca), magnesium (Mg), sodium (Na), and potassiumthat cause the differences in DOC quality and quantity.
(K)], and major anions [chloride (C1) and sulfate These factors contribute to the lack of correlation on a
(SO4)] by the DWR Bryte Laboratory (California regional scale among DOC, SUVA, and THMFP in
Department of Water Resources, 1994b). drainage and channel waters.

In August, additional analyses were added to bet- The general approach in this study was to exam-
ter assess redox conditions and THMFP. Flow-throughine the chemical variability of the DOC released from
chamber measurements of dissolved oxygen (DO), pH,the two soil zones and in the drainage ditch over the
and platinum-electrode redox potential (Pt-electrodecourse of a year for one agricultural field and to relate
Eh) were made on the piezometer samples. Groundthe chemical character of the DOC to its propensity to
water was pumped through the airtight, flow-throughform THMs. This approach should help discern the
chamber (fitted with DO, Pt-electrode, and pH probes)effects of redox conditions and land- and water-
from the bottom to exclude any air, thus permittingmanagement practices on DOC quantity, quality, and
measurement of these parameters while minimizing thereactivity with respect to the formation of THMs. In
influence of atmospheric gases, addition to measuring DOC, UVA, and THMFP of the

For seven of the samplings, additional waterwhole-water samples, DOC for seven selected samples
samples were collected to characterize the DOC in(described previously) were fractionated and isolated
more detail (DOC fractionation and analysis of isolatedusing XAD-8 and XAD-4 resins. Amberlite XAD res-
fractions). These samplings included the beginning andins are nonionic macroporous copolymers with large
end of the intentional flooding period (February 6 andsurface areas that have been used by many investigators
March 11, 1996), after flooding but before irrigationto sorb organic acids such as humic substances (Aiken,
(June 19, 1996), at the beginning and in the middle of1985). This method divides the DOC into operationally
the irrigation period (July 17 and August 4, 1996), defined organic acid fractions extracted by XAD-8 and
before the winter rains (November 13, 1996), and dur-XAD-4 resins (fig. 6) (Aiken and others, 1992) and
ing winter rains but before flooding (January 2, 1997).    provides valuable information about the types of
We hypothesized that these periods would provide crit-
ical information regarding DOC quality for periods

organic constituents present in the bulk sample.

when drainage water production and DOC loads would The part of the DOC extracted by the XAD-8

be greatest and when microbial generation of availableresin and eluted with base [0. I molar (M) sodium

carbon in soils would be important, hydroxide (NaOH)] represents the hydrophobie acid

During previous studies in the Delta, DOC, (HPOA) fraction that can contain aliphatic carboxylic
acids of five to nine carbons, one- and two-ring aro-UVA, and THMFP were measured in an attempt to

develop relations to predict or estimate THMFP. matic carboxylic acids, one- and two-ring phenols, and
other humic substances (Aiken and others, 1992). ThisSUVA (UVA/DOC) is a spectroscopic measurement

that estimates the molecular, aromatic structure of thefraction contains humic and fulvic acids that contain

bulk DOC, normalized to carbon, in a water sample; thethe more aromatic compounds and are considered the
aromatic part of DOC is believed to contain the majorprimary reactive component of DOC contributing to

precursors of THMs (Rook, 1976, 1977; Reckow andthe formation of THMs and other disinfection byprod-

others, 1990). However, simple linear correlations acts (DBPs) (Amy and others, 1990; Reckow and oth-
among DOC, SUVA, and THMFP (on a molar basis)ers, 1990; Owen and others, 1993). The part of DOC
for drainage and channel waters from throughout theextracted by the XAD-4 resin and eluted with base (0.1
Delta have not resulted in useful predictive relations,M NaOH) represents the hydrophilic acid (HPIA) frac-
even though some correlations were significant for spe-tion that contains polyfunctional organic acids and ali-
cific regions or units in the Delta (California Depart-phatic acids with five or fewer carbon atoms (Aiken
ment of Water Resources, 1994a). These results and others, 1992). This fraction contains fewer aro-
indicate that the nature and character of the DOC marie compounds; therefore, it should contain rela-
resulting from drainage in different parts of the Deltatively fewer THM and DBP precursors compared to the
vary, influenced by differing conditions throughout theHPOA fraction.

Description of Study Site and Study Design 9
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Sample in Hydrochloric
(HCL)
pH 2

XAD-8 Column
Sodium Hydroxide
(NaOH) "-,.~ XAD-8 Eluate- Hydrophobic acids

pH 13 Contains humic and fulvic acids - aliphatic
acids of five to nine carbons, one- and
two-ring aromatic carboxylic acids, and one-
and two-ring phenols.

XAD-4 Column
Sodium Hydroxide
(NaOH)

,,-- XAD-4 Eluate- Hydrophilic acids
pH 13 Polyfunctional organic acids and aliphatic

acids with five or fewer carbons.

XAD-4 Effluent

Figure 6. XAD isolation procedure, Twitchell Island, Califomia.

The DOC was further characterized by examin-structural and functional group composition of the iso-
ing selected isolates in more detail. The SUVA oflates, and this information--in particular the aromatic
HPOA and HPIA isolates provided an initial evaluationcarbon content--was used to further assess (on a rela-
of their aromaticity. The THMFPs of the isolates pro-five basis) the probable THM precursors contained in
vided a direct assessment of the relative contributionseach fraction.
of the HPOA and HPIA fractions to the whole-water Statistical comparisons of differences between
THMFP. Liquid- and solid-state 13C-NMR analyseslysimeter and piezometer DOC, SUVA, THMFP, spe-
provided a quantitative and qualitative assessment ofcific trihalomethane formation potential (STHMFP),
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and HPOA and HPIA related parameters used the non-(except during winter precipitation and flooding and
parametric Mann-Whitney test for population medianssummer irrigation). Distribution of DOC concentra-
(Helsel and Hirsch, 1992). tions for the lysimeter samples from February 2, 1996,

through January 2, 1997, are plotted in figure 7. For
samples collected while the field was intentionally

DISSOLVED ORGANIC CARBON flooded (February 6, 14, and 22), DOC concentrations
CONCENTRATION consistently increased, with median DOC concentra-

tions increasing from 51.9 to 61.0 mg/L. These slight
Interpretation of the DOC data is in the context increases reflect the release of available carbon from

of the simplified, conceptual, hydrologic model dis- the soil to the aqueous phase under flooded conditions.
cussed previously and depicted in figure 4. These inter- After the field was drained (March 1), lysimeter
pretations are conceptual and somewhat speculative DOC concentrations increased during March, April,because of the lack of hydrologic information neces-

and May, with the median DOC concentration for rep-sary to determine water flow and transport of DOC
licate samples reaching 73.9 mg/L in May (fig. 7). Dur-within this hydrologic system,
ing this period (post-leaching/pre-irrigation) (fig. 4b),
the soils became drier and temperatures increased, cre-

Upper Soil Zone ating conditions conducive to increased microbial
activity and the release of DOC. Results of previous

The lysimeters sampled interstitial water from studies of gaseous CO2 fluxes from peat soils (indica-
the USZ (0.5 to 1.5 ft below land surface), where the tive of microbial activity) on Twitchell Island indicate
peat soil is usually oxidized, well decomposed, and that fluxes increased with increasing temperature, and
usually unsaturated with respect to soil moisture the highest fluxes occurred at soil moisture content

I 1 I I I I I I I I I I t I

¯ LYSIMETER 1 ¯
120 Winter ¯ LYSIMETER 2 ¯flooding Irrigation of

(Intentional) A LYSIMETER 4
field

¯

20

0    I I I I I I ! I t I I I !

SAMPLE DATE

~u~ 7. Dissolved organic carbon eoneontrafions for lysimeter samples, Februa~ 199~anua~ 1997, Twitehell Island,
California.
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ranging from about 20 to 30 percent on a volume basisand lysimeter 4 had a concentration of only 38.1 mg/L
(Deverel and others, 1998). A decrease in soil moisturein November. These large differences most likely
in June may have resulted in near-surface conditionsreflect the variability in soil moisture between sites
dry enough (<20 percent by volume) to decrease micro-while the field was drying (irrigation was terminated on
bial activity, thereby decreasing available DOC in theSeptember 5). Lysimeter 1 is located at the lowest point
USZ. in the field (the northwest corner), and almost always

The first irrigation of the field began on July 13.had the wettest soil conditions. These relatively wet
This field was irrigated using "spud ditches," a corn-conditions during this period undoubtedly created soil-
mon method for irrigation in the Delta. Spud ditchesmoisture conditions that favored increased microbial
are temporary ditches that are trenched approximatelyactivity and contributed to the much higher DOC con-
1-ft wide and 2- to 3-ft deep and run parallel to the centrations observed for lysimeter 1.
length of the field and perpendicular to the ditch drain- Considerable amounts of precipitation fell dur-
ing the field. Water was siphoned from the San Joaquining the month of December 1996 and the beginning of
River into the ditches that convey irrigation water to theJanuary 1997 resulting in flooding throughout the Delta
southern end of the field where the spud ditches wereand northern California. Concentrations of DOC in the
filled. Water in the spud ditches took about 3 days tolysimeter samples (January 2, 1997; fig. 7) were much
reach the drainage ditch at the north end of the field,less variable, most likely reflecting the mixing of near-
during which time water flowed laterally from the spudsurface soil water and the torrential rains that occurred
ditches and increased the moisture content of the near-just prior to and during the sampling.
surface soil. The DOC concentrations in the USZ for
the July 17 sampling (median DOC of 52.7 mg/L)

Lower Soil Zoneincreased slightly compared to the June sampling
(median DOC of 46.4 mg/L) (fig. 7), probably reflect-

The piezometers allowed sampling of grounding the initial wetting of the soil and the release of
water from the LSZ (4.5 to 6.5 ft below land surface)DOC. where the peat soil usually is reduced and fibrous (less

Between July 13, when irrigation of the fielddecomposed). Analysis of redox parameters did not
began, and September 5, when irrigation for the seasonbegin until August 1996 during the irrigation period.
ended, there were four irrigation periods that resultedAvailable DO data for piezometers indicate low con-
in varying degrees of water saturation of the near-sur-centrations of DO; the highest concentration was 0.38
face soils. Decreases iri specific conductance of themg/L (fig. 8). These low DO concentrations generally
lysimeter samples during the irrigation period reflectindicate anaerobic, reduced conditions. Actual ground-
the dilution of soil salinity by the applied irrigationwater DO concentrations probably were lower because
water (fig. 5). The variable moisture content of thesmall amounts of oxygen contamination, caused by
near-surface soils caused difficulties in obtaining sam-oxygen diffusion through tubing and around probe fit-
pies from lysimeters, resulting in the collection of DOCtings, can affect readings at these low DO levels. Redox
samples from only one lysimeter during both the potential data also indicate anoxic conditions, with Eh
August 14 and August 21 samplings (fig. 7). values ranging from about 88 to 310 millivolts (mV)

Spatial variability in soil moisture and soil (fig. 9). Although many factors complicate the accu-
organic matter seems to have contributed to large dif-racy of Pt-electrode Eh measurements (for example,
ferences in DOC concentrations between lysimeterrelative rates of electron transfer reactions at the elec-
samples on each of the samplings in September, Octo-trode surface), the range of these measurements is far
ber, and November (fig. 7). For each of these samplingbelow the value (800 mV at pH 7) where depletion of
dates, only two lysimeters produced enough water foroxygen (02) in soils is expected (Bohn and others,
DOC measurements, and the differences between the1985). Thus, both DO and redox potential data clearly
lysimeter DOC concentrations were large. Lysimeter 1indicate that the LSZ contained anaerobic and rela-
DOC concentrations increased during this period fromtively reduced ground water.
91.7 to a maximum of 128 mg/L, the highest concen- Although median DOC concentrations were
tration of DOC detected during this study. In contrast,similar for many piezometer samples (fig. 10) and
lysimeter 2 yielded DOC concentrations of 42.9 andlysimeter samples (fig. 7) for the same sampling dates,
41.7 mg/L for the September and October samplings,the nonparametric Mann-Whitney test for population
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Figure ~. Dissolved oxygen concentrations for piezometer samples, August 1996-April 1997, Twitchall Island, California.
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Figure 9. Redox potential measurements for piezometer samples, August 1996-April 1997, Twitchell Island, California.
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medians (Helsel and Hirsch, 1992) indicated that After irrigation began (July 13), DOC concentra-
median DOC concentrations in the LSZ (piezometertions in piezometer samples reached their lowest
samples) (fig. 10) were significantly higher 07,=0.05)median concentration of 49.3 mg/L on July 17 (fig. 10).
than those in the USZ (lysimeter samples) (fig. 7).Subsurface irrigation through spud ditches apparently
These differences are apparent for periods when theallowed water low in DOC (2 mg/L) to rapidly migrate
field was intentionally flooded (February) until the fielddownward through the highly permeable peat soils

was irrigated (July) and for the winter sampling in Jan-(J.L. Meyer and A.B. Carlton, University of California,
written eommun., 1975; Delta organic soil salinity anduary 1997 (figs. 7 and 10). The piezometers were

installed to sample mainly ground water, but the
nutrient status study: Report of laboratory analyses,

ground-water table fluctuated, and the water qualityprogress report by the University of California Agricul-
tural Extension to the California Department of Watervaried in response to water management and flow in theResources) and to dilute the ambient ground-water

field. Concentrations of DOC in samples from the pie-DOC concentrations. The effect of dilution on specific
zometer during the intentional flooding period indi-conductance also is apparent in the piezometer samples
cated a slight increase for piezometer samples fromtaken during and after the irrigation period (fig. 11).
February 6-14 (fig. 10). After the field was drained For the remainder of the irrigation season (irriga-
(March 1), median DOC concentrations in the LSZtion ceased on September 5) and through the October
increased for the March, April, and May samplings to asampling, DOC concentrations in piezometer samples
high of 82.0 mg/L in May (fig. 10). During this period,were variable (fig. 10), reflecting a combination of
the soils above the water table were becoming less sat-irrigation-influenced processes. In most cases, median
urated, and microbial decomposition of SOM may haveDOC concentrations in lysimeter samples exceeded
contributed additional carbon to the ground water, median DOC concentrations in piezometer samples. In

[] PIEZOMETER 1
Winter O PIEZOMETER 2 Irrigation of120 flooding A PIEZOMETER 4 field~ ~      .(Intentional)

_ []z~- 80

60-~ A A

0 }                      I I I I ! I I ! 1 I I ,I,

SAMPLE DATE

Figure 111. Dissolved organic carbon concentrations for piezometer samples, February 1996-January 1997, Twitchell
Island, California.
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the short term, application of irrigation water with lowto the drainage ditch. This, however, was beyond the
DOC concentrations tends to decrease DOC in the soilscope of this investigation.
zone, thus influencing the piezometer samples, as dis-
cussed previously. During the longer term irrigation
period, irrigation cycles cause wetting and drying ofDraigage Ditch
soils above the water table thus creating variable condi-
tions for microbial decomposition of SOM and the Concentrations of DOC in all samples from the
release and transport of available carbon. These tom-drainage ditch ranged from 9.8 to 54.9 mg/L (fig. 12)
plex hydrologic and microbially related processes bothand were always lower than the median concentrations
act to produce the high variability in DOC concentra-for either the lysimeter or the piezometer samples (figs.
tions observed during this period. 7 and 10). These results reflect the various sources of

In contrast, piezometer samples collected duringwater to the ditch: drainage from the study field, drain-
November and January were much less variable age from fields east of the study site, water siphoned
(fig. 10). This decreased variability in DOC followingfrom the San Joaquin River, precipitation, and water
the irrigation season probably reflects the lack of irriga-from the main drainage canal on the island that can
tion-induced alternating wetting and drying cycles andback up when pumping from the island is shut down.
the associated effect on DOC concentrations. This combination of sources to the ditch complicate the

Water flux and DOC transport data would haveinterpretation of the origin of DOC concentrations in
aided interpretation of DOC concentration trends in thethe ditch and make it extremely difficult to estimate the
USZ and LSZ and allowed estimates of DOC loadingcontributions of DOC from the two soil zones.
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Figure 11. Specific conductance of piezometer samples, December 1995--January 1997, Twitchell Island, California.
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Figure 12. Dissolved organic carbon concentrations in samples from the drainage ditch, February 1996--January 1997,
Twitchell Island, California.

COMPOSITION AND REACTIVITY OF DISSOLVED the isolated fractions were analyzed for SUVA as an
ORGANIC CARBON indicator of the aromaticity of the fraction. Selected

isolates of each fraction also were analyzed by 13C-
The previous section discussed the release ofNMR spectroscopy, providing valuable structural and

DOC from the two soil zones in the context of the land-functional group information that, when taken as a
and water-management practices for one agriculturalwhole, can help establish the nature and source of the
field. In addition to the concentrations of DOC pro-organic isolates.
duced, one of the major goals of this study was to The propensity for DOC to form THMs, as mea-
assess the quality of the DOC, especially in relation tosured by the THMFP of the samples, is examined for
potential formation of THMs. The quality of DOC iswhole-water samples in relation to the UVA (aromatic-
examined in a tiered, analytical approach that providesity) of the bulk DOC. The THMFPs of selected DOC
increasing amounts of compositional information atisolates are compared to isolate properties, as deter-
each level. SUVA (UVA/DOC) provides informationmined by SUVA and 13C-NMR, to assess reactivity of
about the molecular aromatic structure of the bulkHPOA and HPIA fractions in relation to their composi-
DOC in a water sample and is the first parameter usedtion and source and to factors affecting DOC produc-
to assess DOC quality. The fractionation of bulk DOCtion under the conditions studied.
into HPOA and HPIA using XAD-8 and XAD-4 resins,
respectively, fractionates the bulk DOC into two cate-
gories of organic compounds based on their solubilitySpecific Ultraviolet Absorbance
(Aiken and others, 1992). In general, the H~POA frac-
tion contains the humic substances (humic and fulvic Median SUVA values were significantly lower
acids) and is more aromatic than the HPIA fraction,(ct--0.05) for the lysimeter samples (fig. 13a) compared
which is more aliphatic. Selected samples of each ofto the piezometer samples (fig. 13b), indicating that
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Figure 13. Specific ultraviolet absorbance for (.4)lysimeter samples, (B) piezometer samples, (C) drainage ditch samples,
February 1996-January 1997, Twitchell Island, California.

Composition and Reactivity of Dissolved Organic Carbon 17

D--04231 0
D-042310



DOC produced from reduced, less-decomposed peat isin appendix C, table C 1. For purposes of this discus-
more aromatic than DOC generated from oxidizedsion, averaged data are used when replicate analyses
peat. This result is not surprising because of the greaterwere available. The discussion focuses only on data for
abundance of aromatic carbon (phenolic compounds)the HPOA and HPIA fractions, the DOC extracted by
generally formed in reduced environments such as sph-and eluted from the XAD-8 and XAD-4 resins, respec-
agnum bogs and water-logged soils compared to well-tively. These two fractions combined account for the
oxygenated environments (Thurman, 1985). The majority of DOC in all samples (58 to 76 percent),
SUVA values of the drainage ditch samples generallyprobably contain most of the THM precursors, and are
reflect a mixture of lysimeter and piezometer samplesthe fractions for which other compositional and strut-
(fig. 13c), indicating mixed contributions of DOC fromtural data are available.
the USZ and LSZ. One exception is the sample col- In general, the fractionation data (fig. 14) indi-lected on October 23 that had the highest SUVA value
(0.107 L/mg-cm) of all ditch samples (fig. 13c) and hadcate that (1) the sum of the HPOA and I-IPIA DOC frac-

tions are significantly greater for the piezometera DOC concentration of only 14.9 mg/L. The source of
this water with anomolously high SUVA value is samples compared to the lysimeter samples, indicating

unknown, that the lysimeter samples contained more DOC that
was not sorbed by the resins (probably ultra hydro-
philic acids); (2) the quality of the ditch samples was

Fractionation of Dissolved Organic Carbon into very similar to that of the piezometer samples, reflect-
Hydrophobic and Hydrophilic Acids ing a potentially greater DOC contribution to the ditch

from the LSZ; and (3) the HPOA fraction for the pie-
Complete DOC fractionation data for lysimeter,zometers was significantly greater than that for the

piezometer, and drainage ditch samples are presentedlysimeters (ix=0.05), indicating that greater amounts of

Winter0.120 ,- flooding Irrigation of
I.~ (Intentional) field =

0.100

0.080 -

0.060

0.020
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Figure 13.--Continued.
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hundc substances were produced from the LSZ. ThisTrihalomethane Formation Potential
result is in agreement with the SUVA data for the
whole-water samples that had significantly higher val- THMFP measurements were made on water
ues of SUVA for the piezometer samples compared tosamples using either the DWR Bryte Laboratory dose-
the lysimeter samples. Together, these results supportbased method or a reactivity-based method similar to
the conclusion that more aromatic forms of DOC arethat described by Krasner and Sclimenti, (1993). The
produced under anaerobic conditions (piezometer sam-DWR Bryte Laboratory dose-based method (referred to
pies) than under aerobic conditions (lysimeter samples)as the TFPC Assay, California Department of Water
and imply that more THM precursors should be pro-Resources, 1994a) involves adding a constant chlorine
duced by the LSZ under anaerobic conditions, dose (120 mg/L, buffered to pH 8.2) to samples with a

90
F- EXPLANATION
Z r’271 PIEZOMETER HYDROPHILIC ACID

O 80 - I~ PIEZOMETER HYDROPHOBIC ACID
Iii ~ LYSIMETER HYDROPHILIC ACID
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Figure 14. Fractionation of dissolved organic carbon into hydrophobic and hydrophilic acids, for lysimeter, piezometer, and drainage ditch
samples, February 1996-January 1997, Twitchell Island, California.
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UVA of less than 0.6 per centimeter (cm’l). If the UVAreactivity-based THMFP results. Because results of
of a sample is greater than 0.6 em"1, the sample isboth methods are highly correlated (indicating no dilu-
diluted so that the UVA is less than 0.5 cm"1. In con-tion effect problem for the dose-based method for these
trast, the reactivity-based method (Krasner and Scli-samples) and the data record for the dose-based
menti, 1993) applies a chlorine dose based on the DOCTHMFP determinations is much longer, the results and
and NH4 concentration of each sample (California discussion below for whole-water sample THMFP uti-
Department of Water Resources, 1994b). The lize the dose-based THMFP data. The exceptions to
reactivity-based THMFP method was adopted part waythis are the THMFPs for samples collected on October
through the study because Krasner and Sclimenti 23, 1996, which were analyzed by using only the
(1993) showed that results from the dose-based methodreactivity-based method.
were highly dependent on sample dilution, whereas

For samples collected from the USZ (lysimeter),dilution did not affect THMFP results for the reactivity-
based method, from the LSZ (piezometer), and from the drainage

Samples collected from the beginning of theditch, the linear relation between DOC and THMFP

study through September 1996 were analyzed by the(R2=0"864) (fig. 16) is excellent. The variance about
dose-based THMFP method only, samples collected inthe regression line in figure 16 indicates the variability

October 1996 were analyzed by the reactivity-basedin DOC quality and composition in relation to THM

THMFP method only, and 22 samples collected fromprecursors. This high correlation most likely is due to
November 1996 through January 1997 were analyzedthe predominance of peat as the major source of DOC.
using both methods. Dose-based and reactivity-basedIn other systems that are not as homogeneous (for
THMFP results for samples analyzed by both methodsexample, systems that contain more diverse sources of
were significantly correlated, R2=0.983 (fig. 15), andDOC or higher amounts of mineral soil), such a high
indicate that the dose-based THMFP results consis-correlation would not be expected. For example, Owen
tently are about 11 percent higher than the and others (1993) examined seven different source
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~n" 12,000                  y = 0.888x                                         ~    -

lo,ooo                                                            -

i i 8,000                                                            -
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DOSE-BASED TRIHALOMETHANE FORMATION POTENTIAL, IN MICROGRAMS PER LITER

Figure 15. Comparison of reactivity-based and dose-based trihalomethane formation potential measurements, Twitchell Island,
California.
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waters from throughout the United States and foundwas not expected. The THMFP and UVA data normal-
poor correlation between DOC and THMFP (R2<0.50).ized to carbon were not linearly correlated (R2=0.156)

Although the correlation is high for samples(fig. 18). Specific THMFP (THMFP/DOC or STH-
from this study, use of DOC to predict THMFP couldMFP) provides an indication of the average potential
lead to considerable error in estimating THMFP, espe-for the carbon in a sample to form THMs, a measure of
cially at higher DOC concentrations. For example, thethe potential THM precursor content on a molar basis
regression equation predicts a THMFP of 67 micromo-normalized to carbon. The generally accepted model
lar (I~M) (8,200 lxg/L) for a sample containing about 85for THM formation is that the primary THM precursors
mg/L DOC. For this DOC concenlration, actual are aromatic forms of carbon (such as resorcinol), in
THMFP concentrations range from about 57 IxM which case a strong linear relation is expected between
(7,000 gg/L) to 78 lxM (9,500 ~tg/L) (fig. 16). Thus, useSTHMFP and SUVA. The lack of correlation between
of this relation to predict THM precursor loading, forSTHMFP and SUVA suggests that a more detailed
example, could lead to significant errors in the load pre-assessment of aromatic compound species may help to
diction. In addition, high correlation between DOC andbetter identify THM precursor compounds, and that
THMFP is not expected for samples from less homoge-forms of DOC other than aromatic compounds also
neous areas that contain diverse sources of DOC. may be significant THM precursors in these samples.

The linear relation between UVA and THMFP
(fig. 17, R2=0.702) for the lysimeter, the piezometer,
and the drainage ditch samples also is good. Because    Upper and Lower Soil Zones
UVA is an indicator of DOC aromaticity and aromatic
forms of DOC are considered primary THM precursors Comparisons of THMFP for whole-water sam-
(Rook, 1976, 1977; Reckow and others, 1990), the pies collected from the lysimeters (USZ) and the pie-
hi~her correlation between THMFP and DOC zometers (LSZ) are limited because of the paucity of
(R*=0.864), compared to that for THMFP and UVA, lysimeter THMFP data. As mentioned earlier in this

120           =          ~          ~          I          I          =          =

~ y = 0.7883x
zLU R2 = 0.864
0

z 80 ¯

o
0 . l        I        I I I I I

0 20 40 ~ ~ 100 120 1~ 160

DISSOLVED O~GANIC CABBON, IN MILLIGRAMS PE~ LITE~

Figure 16. Relation between trihalomethane formation potential and dissolved organic carbon for Iysimeter, piezometer, and
drainage ditch samples, Twitchell Island, California.
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Rgum ~7. Rela~on be~een ultraviolet absorbance and trihalomethane fo~a~on potential for lysimeter, piezometer, and
drainage ditch samples, Twitchell Island, California.

Rgure 18. Relation between specific trihalomethane formation potential and specific ultraviolet absorbance for lysimeter,
piezometer, and drainage ditch samples, Twitchell Island, Califomia.
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report, the lysimeters produced insufficient volumes ofirrigation water backed up in the ditch system and par-
water for THMFP analysis; even during irrigation,tially flooded the field.
obtaining sufficient sample volume for THMFP analy- The THMFP results for the lysimeter (fig. 19)
sis was difficult. Samples were obtained from all lysim-and the piezometer (fig. 20) samples generally fol-
eters for THM analyses during the September 4, 1996,lowed trends similar to the lysimeter and the piezome-
sampling by plugging the irrigation spud ditch so thatter DOC results (figs. 7 and 10) over the course of this

12,000 I i i i I i i i i i i i i !

~" Irrigation of
~ Winter field
z 10,000 - flooding < ~ A
~’" ¯

(Intentional) ¯ ¯

_.9_= 8,00o- A

~o 4,~ ¯ -

~ LYSI~ER 4

0 ) ] I,,, ] l I ] I I ] 1 I I ,]

SAMPLE DATE

Figure 1~. Concentra~ons of trihalome~ane fo~a~on poten~al measurements for lysimeter samples, Februaw 199~anua~ 19~,
T~tchell island, California.

~ A Irrigation of
<-- Winter field
;~ 10,0oo - flooding
~- (Intentional)
"__.

~ ~
" n i

o ,,=, 8,000 -                                                              ¯

m ~ 4,000 -
:~Z
~0- ¯ PIEZOMETEFI
’< 2,000 - ~ PIEZOMETER 2 ¯-r"

~ /~ PIEZOMETER 4
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Figure :~. Concentrations of trihalomethane formation potential for piezometer samples, Februar~ 199g--danua~/199/, Twitchelt
island, California.
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study. This similarity also is reflected by the correlationsaturated, and results may have been influenced by
between DOC and THMFP (R2=0.864) (fig. 16). Thenear-saturated soil moisture conditions that are similar
same processes affecting the release of DOC from theto those in the LSZ.
USZ and the LSZ, as discussed in the Dissolved
Organic Carbon Concentrations section of this report,
also affect the release of THM precursors. Trihalomethane Formation Potential of Isolated

No significant difference ((z----0.05) was observed Fractions
between the median concentrations of THMFP for the

The THMFP of isolated XAD-8 (HPOA) andlysimeter (5,950 lxg/L) and the piezometer (6,750 XAD-4 (HPIA) DOC fractions were measured using a
lxg/L) samples. The STHMFP medians for lysimetersmodified reactivity-based method similar to the method
[9.02 micromolars per millimolar (txM/mM)] and pie-used by the DWR Bryte Laboratory (Krasner and Scli-
zometers (9.84 laM/mM) also were not significantlymenti, 1993) that produced the reactivity-based
different ((z=0.05). This result is in contrast to DOC,THMFP data discussed at the beginning of this section.
for which concentrations of piezometer DOC were sig-The method is described in detail in appendix D and
nificantly greater than lysimeter DOC. The smallerdiffers from the DWR Bryte Laboratory method in two
number of lysimeter samples (17) analyzed for ways: (1) the pH of the incubation was buffered to pH
THMFP, relative to the piezometer samples (42), may7.0 instead of pH 8.2, and (2) the temperature was
not accurately represent the seasonal variability of USZmaintained at 20°C instead of 25°C. These differences
water. The lysimeter samples analyzed for THMFPin the reactivity-based THMFP methods caused an
were mainly from wetter periods during the year (win-apparent systematic difference in THMFP results. Fig-
ter flooding and irrigation) when the USZ is relativelyure 21 shows the relation between THMFP results for

Figure 21. Comparison of reactivity-based trihalomethane formation potential measurements made bythe California Department
of Water Resources (DWR) and the U.S. Geological Survey (USGS), Twitchell Island, California.
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the whole-water samples analyzed by both methods. Inusing this modified method differ from results for the
general, the results from the two methods are linearlyother reactivity-based method (pH 8.2, 25°C) and the
correlated (R2=0.806), and the THMFP concentrationsdose-based THMFP method,. THMFP comparisons
fi’om the method buffered to pH 8.2 (25°C) were aboutbetween whole-water samples and DOC-isolate sam-
twice those of the method buffered to pH 7.0 (20°C). pies require using data obtained by the same method.

Many investigators have shown that THMFP As described in appendix D, DOC isolates
measurements are highly pH dependent (Rook, 1974;(XAD-8 and XAD-4) were redissolved and the result-
Symons and others, 1975; Rathbun, 1996), THMFP ing solutions analyzed for THMFP and SLrVA. There-
concentration increasing with increasing pH. Differ- fore, STFIMFP was used to compare the whole-water
ences in temperature also will affect THMFP, with and the isolate data. Figure 22 shows that the STHMFP
more volatile THM species being produced at the of the HPOA fraction was greater than that for the
higher temperature. Thus, the effects of differences inHPIA fraction for five of the seven samples analyzed.
these two variables help to explain the differences in But the median STHMFP value for the HPOA fractions
THMFP results in figure 21 for the two methods. [43.8 micrograms per milligram ~g/mg)] was not sig-

In this section of the report, results from the nificantly greater (tz--0.05) than that for the HPIA frac-
modified reactivity-based THMFP method (pH 7.0, tions (41.7 Ixg/mg). This result was not expected
20°C) for whole-water samples are used for compari- because it is generally thought that the humic fraction
son purposes because the DOC-isolate samples were(HPOA) contains most of the THM and DBP precur-
analyzed using only this method. Although results sors (Owen and others, 1993). For these samples,

-~ ~ WHOLE-WATER SPECIFIC TRIHALOMETHANE
~ FORMATION POTENTIAL
z ~ HYDROPHOBIC ACID SPECIFIC TRIHALOMETHANE
i~. 50 FORMATION POTENTIAL
O [---] HYDROPHILIC ACID SPECIFIC TRIHALOMETHANEa. ~ FORMATION POTENTIALz
O

0                                                                              --

SAMPLE LOCATIONS AND DATES

Figure ~Z. Specific trihalomethane formation potential of whole water and hydrophobic and hydrophilic acid fractions,
November 1996--Januan/1997, Twitchell Island, California.
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almost equivalent amounts of STHMFP were observedevidence that supports the use of SUVA as an indicator
for both humic (XAD-8) and nonhumic (XAD-4) frac- of DOC aromaticity for samples in this study.
tions. Owen and others (1993) observed similar results The relatively small differences in STHMFP
for seven source waters from throughout the United between the HPOA and HPIA fractions (fig. 22) did not
States. They found that the reactivity of the nonhumicreflect the significantly greater aromaticity of the
and humic fractions were similar and state that this HPOA fraction over that of the HPIA fraction (fig. 24).
result "is somewhat contrary to conventional wisdomIt is generally thought that the HPOA fraction contains

most of the aromatic forms of carbon, which is sup-... namely that it is the humic fraction that serves as
DBP precursor material." ported by data in figure 22, and that aromatic forms of

carbon are the primary THM precursors (Rook, 1976,
The SUVA of the HPOA fractions is significantly 1977; Reckhow and others, 1990). Even though the

higher (et=0.05) than that for the HPLA fractions (fig. HPOA fraction was higher in aromatic composition
23), indicating greater aromaticity of this DOC frac- (fig. 24) and carbon (fig. 14) compared to the HPLA
tion. The greater aromaticity of the HPOA fraction fraction, the THMFP concentration contributed by the
compared to the HPIA fraction is apparent in figure 24,HPOA fraction was not significantly greater than that
where the 13(~-NMR data clearly indicate the greater contributed by the HPIA fraction (fig. 22). This result
aromatic composition of the HPOA isolates comparedindicates that DOC aromaticity alone cannot fully
to the HPIA isolates. The 13C-NMR data provide solid explain or predict THM precursor content.

0.07
WHOLE-WATER SPECIFIC ULTRAVIOLET ABSORBANCE
HYDROPHOBIC ACID SPECIFIC ULTRAVIOLET ABSORBANCE

0.06 r--I HYDROPHILIC ACID SPECIFIC ULTRAVIOLET ABSORBANCE

<m 0.04

~ o.oa

0.01

0

SAMPLE LOCATIONS AND DATES

Figure Z3. Specific ultraviolet absorbance of whole water and hydrophobic and hydrophilic acid fractions, November 1996-January 1997,
Twitchell Island, California.
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ISOLATES

Figure 24. Aromatic composition of XAD isolates from lysimeter and piezometer samples, November 1996-January 1997,
Twitchell Island, California.

SUMMARY AND CONCLUSIONS and processes that control the release of DOC and
THM precursors from Delta soils is a necessary first

Water exported from the Delta is an important step in the development of management alternatives to
drinking-water source for more than 20 million peoplereduce THM precursor loads from Delta islands.
in California. This water has been shown to contain ele- The generally accepted conceptual model for
vated concentrations of dissolved organic carbon THM formation assumes that aromatic forms of carbon
(DOC) and bromide (Br). If this water is chlorinated for (such as resorcinol) are primary precursors to HMs.
drinking, it can, at times, exceed the U.S. Environmen-Natural environments with reducing conditions, such
tal Protection Agency’s maximum contaminant level as peat bogs and water-logged soils, tend to produce
(MCL) of 0.100 mg/L for trihalomethanes (THMs). An greater amounts of aromatic DOC compared to well-
estimated 20 to 50 percent of the THM precursors in oxygenated environments. Thus, one of the principal
Delta water exported at the H.O. Banks pumping planthypotheses of this study was that the reduced peat soils
for drinking water originates from elevated concentra-beneath the shallow ground water on Delta islands
tions of DOC in drainage water from peat soils on Deltawould have a tendency to release greater amounts of
islands. This cooperative study between the U.S. Geo-aromatic carbon (THM precursors) relative to near-sur-
logical Survey’s Drinking Water Initiative and Califor-face oxidized peat soils. To test this hypothesis, soil
nia Department of Water Resources was undertaken towater was sampled from near-surface, oxidized, well-
elucidate some of the factors affecting and processes decomposed peat soil in the upper soil zone (USZ) and
controlling the concentration and quality of DOC deeper, reduced, fibrous peat soil in the lower soil zone
released from peat soils and to relate the chemical tom-(LSZ) from one agricultural field in the west-central
position of DOC to its propensity to form THMs. Delta. Soil redox conditions also are influenced by
Knowledge and understanding of the factors that affectwater-management practices---irrigation and
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intentional flooding of fields and drainage ditch depthsConclusions
that help control ground-water levels. Therefore,
results from this study have implications for potential¯ Waters from the anaerobic LSZ contained slightly

management alternatives to reduce production of THMhigher concentrations of DOC and greater

precursors in Delta drainage water, amounts of humic material than waters from the
aerobic USZ, indicating that carbon released from

The general approach of the study was to exam- peat soils under anaerobic conditions is a substan-
ine the chemical variability of DOC samples from the tial contributor to DOC and that the quality of the
USZ and the LSZ during a 1-year period. The chemical DOC released from the two zones differs.
character of the DOC was related to its propensity tōDOC in waters from the LSZ contained a higher pro-
form THMs while taking into consideration the effects portion of aromatic compounds, the putative THM
of redox conditions and land- and water-management precursors, than that from the USZ.
practices on the biogeochemical processes affecting the° DOC in waters from the drainage ditch were compo-
release of DOC from the soils, sitionally more similar to the DOC in waters from

The analytical approach tb the study involved the LSZ than that from the USZ, suggesting the
analysis of whole-water samples for DOC, ultraviolet major source of DOC in ditch water was the LSZ.
absorbance (UVA) at 254 nm, trihalomethane forma-¯ DOC aromaticity alone cannot explain fully or pre-
tion potential (THMFP), and various inorganic constit- diet THM precursor content. This finding indi-
uents. Considerable focus was given to the aromaticitycates that:

of carbon in whole-water samples and isolated carbon 1. UVA is not a suitable tool for predicting

fractions as indicators of THM precursor content. The THMFP in these waters because this men-

quality of the DOC was evaluated by first examining surement is most sensitive for aromatic car-

the whole-water specific UVA (SUVA, UVA/DOC) as bon.

an indication of DOC aromaticity. Whole-water DOC 2. Processes other than those that control bulk aro-
matic carbon content control THM precursor

was isolated and fractionated into hydrophobic acid concentrations in these waters, which
(HPOA) using XAD-8 resin and hydrophilic acid explains the historical observation that on a
(HPIA) using XAD-4 resin, where the HPOA fraction regional basis, there is a poor correlation
contains the more aromatic humic and fulvic acids and between UVA and THMFP on a carbon-
the HPIA fraction contains the less aromatic and more normalized basis.
aliphatic forms of carbon. The amount of DOC isolated¯ The highest DOC levels, the highest variability in
on these columns, the proportion of HPOA and HPIA, DOC, and the highest THMFP levels followed
as well as analysis of the intrinsic chemical structure ofsummer irrigation and winter flooding periods,
the isolates by carbon-13 nuclear magnetic resonancewhich suggests that repetitive cycles of wetting
(13C-NMR), all provided insight into the processes and drying promotes the release of DOC and THM
controlling the aromaticity of a sample. Selected iso- precursors in these soils.
lates from XAD fractionations were further analyz,ed
for THMFP and related to SUVA values of the isolates
and to the more quantitative 13C-NMR measure of aro-Summa~ of Supporting 0hsantations
matic carbon, which also provided further DOC sunac-
tural and functional group information. Isolate Dissolved Organic Carbon Concentrations
THMFPs were interpreted in terms of isolate properties¯ DOC concentrations in the oxidized USZ were
(SUVA and 13C-NMR results) to assess the reactivity highly variable. For the oxidized USZ, median
of HPOA and HPIA fractions in relation to their com- DOC for lysimeter samples ranged from 46.4 to
position, source, and factors affecting DOC production 83.2 mg/L. Variations in DOC are attributable to
under the conditions studied, effects of water-management practices (flooding
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and irrigation) and precipitation on microbial soil greater HPOA fractions (humic substances) com-
processes and subsequent release and transport ofpared to those in lysimeter samples, were richer in
DOC. the more aromatic HPOA, and were in agreement

¯ DOC concentrations in the reduced LSZ were gen- with SUVA results for whole-water samples.
orally slightly higher than that from the USZ. These results support the conclusion that more
Median DOC for the reduced LSZ (piezometer aromatic forms of DOC are produced under anaer-
samples) ranged from 49.3 to 82.3 mg/L and were obic conditions compared to aerobic conditions.
significantly higher (a=0.05) than DOC from the¯ The composition of the drainage ditch samples, as
USZ. In general (1) variations in piezometer DOC, indicated by the HPOA and I-IPIA distributions,
at times, apparently were caused by drainage fromclosely resembled that of the piezometer samples,
soils above; and (2) the lowest and most variable potentially reflecting a greater DOC contribution
concentrations of DOC are associated with the to the ditch from the LSZ.
irrigation period, during which the drop in specific¯ DOC isolated in the HPOA fraction was more aro-
conductance of samples clearly indicated dilutionmatic than that isolated in the I-IPIA fraction. For
of ground water by irrigation water, the seven DOC samples isolated and fractionated,

¯ DOC concentrations in the ditch draining the field the SUVA of the HPOA isolates was significantly
were always lower than the median DOC for either higher (a=0.05) than the SUVA for the HPIA iso-
USZ or LSZ waters for all sampling dates, ranging lates, denoting greater aromaticity of the HPOA
from 9.8 to 54.9 mg/L. Lower values are consis- fractions relative to the HPIA fractions. This dif-
tent with mixing of waters from several different ference is explicitly demonstrated by the
sources, including lower DOC irrigation waters. 13C-NMR data, which clearly show greater aro-
Interpretation of ditch DOC is complicated by the marie carbon composition of the HPOA isolates in
multiple sources of water and DOC that contribute comparison to that of the HPIA isolates.
to the drainage ditch throughout the year.

Trihalomethane Formation
Quality and Composition of Dissolved Organic Carbon ¯ DOC concentration, THMFP, and UVA were all
¯ The DOC from the LSZ had significantly higher highly related. Linear correlations were found

(a=0.05) aromaticity than the USZ as measured between THMFP and DOC (R2=0.864) and
by SUVA. This indicates that’ the deeper, more THMFP and UVA (R2=0.702) for samples from
reduced fibrous peat releases more aromatic forms lysimeters, piezometers, and the ditch, indicating
of carbon compared to the near-surface, oxidized that THM precursors increased with increasing
decomposed peat. DOC and U-VA for whole-water samples.

¯ Isolation of DOC as HPOA (XAD-8) and HPIA ¯ In contrast, no significant correlation was found
(XAD-4) fractions accounted for 58 to 76 percent between STHM.FP (THMP~/DOC) and SUVA,
of the total DOC, demonstrating that our analyti- indicating that no significant relation exists
eal scheme accounted for the majority of DOC in between carbon aromaticity and THMFP on a car-
all samples, bon basis. This result suggests that a more detailed

¯ The sum of the HPOA and HPIA DOC fractions assessment of aromatic compound species may
were significantly greater (a=0.05) for piezometer help to better identify THM precursor compounds
samples compared to lysimeter samples, indicat- and that forms of DOC other than aromatic com-
ing that the lysimeter samples contained more pounds also may be significant THM precursors in
forms of DOC not retained and eluted by the resins these samples.
(probably ultra-hydrophilie acids). ¯ There is no consistent difference in the capacity of

¯ Water from the LSZ contained more humic materialsUSZ and LSZ waters to form THMs. Even though
than that from the USZ. Piezometer samples had median values of THMFP and STHMFP were
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greater for piezometer samples (6,750 txg/L andsoon after the period when the field was flooded
9.84 p.44/mM, respectively) compared to those for(winter) or irrigated (summer). These higher DOC con-
lysimeter samples (5,950 ~g/L and 9.02 pM/mM,centrations are mainly attributable to enhanced micro-
respectively), the differences were not significantbial activity resulting from soil wetting and drying
(0~---0.05). A smaller number of lysimeter samplescycles. This irrigation period is coincident with rela-
(17) were analyzed relative to piezometer samplestively low Delta channel flows, so the effect of poten-
(42) because of lack of available water in the USZtially high DOC concentrations in the USZ during
during dry parts of the year when the field was notirrigation may have a magnified effect on DOC loads
irrigated. Thus, results from the lysimeter samplesreleased to the channels from irrigation drainage. An
may not be representative of THM precursor important distinction is that these observations are con-
release from the USZ throughout the year. centration related and do not reflect the load of precur-

¯ The aromaticity of DOC appears to be unrelated tosor released by the soil over time. Determination of
THMFP on a carbon-normalized basis. Althoughloads was not within the scope of this study.
the HPOA fractions were obviously more aro- The DOC and aromaticity of LSZ samples gen-
marie than the HPIA fractions, the median STH-erally were greater than those of the USZ samples, but
MFP for the HPOA isolates (43.8 lxg/mg) was notno significant differences were found for THMFP
significantly greater (~t=0.05) than the median forresults for samples from the two zones over the annual
the HPIA isolates (41.7 lxg/mg). This result againcycle. Data from this study suggest that aromaticity
emphasizes that DOC aromaticity alone cannotalone is not an accurate indicator of THM precursors.
explain fully or predict THM precursor content

This result implies that THM precursors do not ariseand that further investigation of aromatic and non-
aromatic forms of carbon will be needed to betterfrom the same source as most of the aromaticity; thus,

a more accurate indicator of THMFP than UVA isidentify THM precursors,
needed for screening water quality in the Delta.

Another implication is that the processes that
Other Significant Observations concentrate THM precursors are not significantly

affected by redox conditions and appear to be unrelated
¯ The anaerobic redox condition of the LSZ was char-to the processes that concentrate aromatic DOC in the

acterized by extremely low dissolved oxygen LSZ. This finding explains why there is no observed
(<0.38 mg/L) and platinum-electrode redox general regional relation between SUVA and THMFP
potentials (<310 mV) indicative of anoxic condi-in Delta waters. This lack of relation is likely related to
tions, the type of organic material released by peat soils, and

¯ Twenty-one water samples analyzed for THMFPcare should be exercised in extrapolating this finding to
using the dose-based method and the reactivity-other locations. Also, this finding is based on concen-
based method were linearly correlated tration measurements and may not be true for the total
(R2--0.983), with the dose-based results consis-amount (loads) of precursors released from the soils.
tently 11 percent greater than the reactivity-basedHowever, if studies confirm the finding on a regional
results, indicating no dilution effect problem forbasis, it may be possible to directly identify the source
the dose-based method for these samples, of the THM precursors and to seek a remedy for high

THM precursor concentrations in Delta waters.
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APPENDIX A: FIELD AND SAMPLE COLLECTION chil]ed and to slow microbial decomposition of DOC.
METHODS Because of the small volume of soil water available

under unsaturated soil conditions, lysimeter sampling
continued throughout the day to yield the maximum

Installation of Samplers amount of sample possible.
Temperature of the lysimeter samples was inca-

Four sampling sites were established along ansured immediately on the purged soil water. A 15- to
east-west transect at the northern end of the agricultural20-mL subsample from the lysimeter sample was mea-
field (fig. 2). These sites were spaced about 40 ft apartsured for pH and specific conductafice in the field. The
and about 50 ft south of the ditch that drains the field,pH and specific conductance meters and probes were
The sites were located to sample subsurface drainagecalibrated, checked, and recalibrated, if necessary,
from the field. At each site, lysimeters (1.5-in. diame-before each measurement. The pH values for the lysim-
ter, 6-in. long, with 0.2-~tm pores) were installed toeter samples are questionable because of degassing of
sample soil water from 0.5 to 1.5 ft below land surface,CO2 and exposure to atmospheric gases during sam-
and piezometers (1.25-in. diameter, 2 ft long, withpiing.
0.02-in. slots) were installed to sample ground water Samples were pressure filtered (0.45 !.tm) in the
from 4.5 to 6.5 ft below land surface (fig. 3). The lysim-field using a peristaltic pump. The pump, tubing, andeters, piezometers, and extension tubes were con-

filter were flushed with at least 1 L of deionized waterstructed of 316L stainless steel to prevent carbon and 75 to 100 mL of sample water prior to collecting
contamination from sampling materials. the samples. Analysis of organic-free water filtered

The holes for the installation of the lysimetersthrough the set up after the deionized water rinse
and the piezometers were drilled using a gas-powered,yielded a DOC concentration of < 0.2 mg/L, indicating
tower-mounted drill with a 4-in. bit. The holes wereno contamination of samples from the filtering proce-
evacuated using a 1-in. water pump. The piezometersdure.
were lowered onto a bed of sand (#~2/12), and the annu-

Piezometers also were sampled using a peristal-lar space was packed with sand to about 1 ft above the
tic pump and Teflon or c-flex tubing and stainless-steelsampling interval. The remaining annular space was

filled with bentonite grout to land surface. The lysime-tubing. Prior to sample collection, at least three casing

ters were placed on a bed of silica flour, a silica flourvolumes (about 2.5 gal) of water were purged, and then
20-mL test samples were collected every 5 to 10 rain-slurry was packed around the sampler, and bentonite
utes to test piezometer development. Specific conduc-grout was used to seal the hole from the top of the sam-
tance of the 20-mL test samples was measured, andpier to land surface. After installation, the piezometers

initially were developed using a peristaltic pump untilsamples for laboratory analysis were collected only

the effluent was clear. Lysimeters initially were devel-after successive specific-conductance measurements

oped after the field was flooded, were within 5 percent of each other, indicating that
aquifer water was being pumped. Sample water was
collected in 1-gal, baked, amber glass bottles, and tern-

Sample Collection and Field Measurements perature and pH were immediately measured for a 20-
rnL subsample. Piezometer samples were pressure fil-

Lysimeters are designed to sample soil watertered, as described above, for the lysimeter samples,
from unsaturated soils, which, in contrast to piezometerexcept that 1,000 mL of sample water was filtered
sampling of ground water, usually do not yield largethrough the filtering apparatus following the deionized
sample volumes. Thus, development of lysimeterswater rinse and before filling the sample bottles.
prior to sampling involved evacuating or purging the Lysimeter and piezometer samples were filtered
lysimeter using a peristaltic pump and either Teflon orinto sample bottles, preserved, and stored on ice until
c-flex tubing and stainless-steel tubing. These sampling. they reached the laboratory for analysis. The DWR
materials were used to prevent carbon contamination ofBryte Laboratory analyzed samples for DOC, UVA,
samples. After initial purging, the lysimeters wereTHMFP (dose-based), Br, Ca, Mg, K, CI, SO4, and
evacuated every 15 to 20 minutes, and the soil wateralkalinity. Methods of sample preservation and analy-
samples were collected in 1-gal, baked, amber glasssis are reported in California Department of Water
bottles placed in a bucket of ice to keep the samplesResources (1994b). Split samples also were collected
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for analysis of DOC, UVA, and THMFP by the USGS(fitted with DO, Pt-electrode, and pH probes) from the
Laboratory in Boulder, Colo., as described in appen-bottom to exclude any air. Meters and probes were cal-
dixes B and D. All samples sent to the USGS Labora-ibrated and water was pumped through the flow-
tory were packed in ice and shipped to be received atthrough chamber during piezometer development.
the laboratory within 24 hours. After at least three casing volumes of water had been

In August 1996, it was determined that otherpumped through the chamber, DO, Eh, pH, and specific
redox parameters should be analyzed, and, in Septem-conductance were monitored, and piezometer samples
ber 1996, the reactivity-based method to determinewere not collected until these parameters had stabilized
THMFP was added to the analyses. The redox parame-(indicated by successive readings not changing by
ters added to the laboratory analysis included total Femore than about 5 percent). This technique is not appli-
and Mn and N species (nitrite, nitrate, and ammonium),cable to lysimeter sampling because lysimeters usuallyIn addition, a flow-through chamber was used to collect
piezometer samples and to monitor other parameters,sample unsaturated soil, and sample degassing and

The reactivity-based method for determination ofexposure to atmosphere gases affect DO, pH, and Eh

THMFP is described above in the Trihalomethane For-measurements. Included in this appendix are tables

marion Potential section of this report, reporting the DWR Bryte Laboratory analyses for

Use of the flow-through chamber for monitoringlysimeter, piezometer, and ditch samples and field

DO, Pt-electrode Eh, and pH allows accurate measure-parameters. Table A1 lists the field parameters mea-
merit of these parameters for ground water without con-sured (excluding Eh), table A2 presents the mineral
tamination by minimizing exposure to atmosphericdata collected, table A3 gives the DOC related analyses
gases (U.S. Geological Survey, 1980). Water was and THMFP and haloacetic acid (HAA) results, and
pumped through the air-tight, flow-through chambertable A4 lists the redox-related parameters measured.
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Table A1. Reid parameters measured for lysimeter, piezometer, and drainage ditch samples, Twitchell Island, California
[~S/cm, microsiemens per centimeter; °C, degrees Celsius; rag/L, milligraros per Iite~, ha, not analyzed; TwitLys, lysimeter;, TwitPiz, piezometer;,
TwitDitch, dRch]

Speoiflc pH, Temperature, DissolvedSite Date Time conductance water, field water oxygen
(pS/cm) (_~eeedard units) (°C) (mg/L)TwitLysl 02/06/96 na 2,670 6.0 18.1 naTwitLys2 02/06/96 na 2,460 6.5 19.2 naTwitLys4 02/07/96 na 2,870 6.2 14.4 naTwitLys 1 02/14/96 05:10 pm 2,590 5.6 14.2 naTwitLys2 02/14/96 04:25 pm 2,655 5.7 14.3 naTwitLys4 02/14/96 04:50 pra 2,700 6. I 14.2 naTwitLysl 02/22/96 02:00 pm 2,450 5.6 11.8 naTwitLys2 02/22/96 01:35 pm 2,610 5.8 11.7 naTwitLys4 02/22/96 na 2,740 6.2 12.5 naTwitLysl 03/11/96 09:05 am 2,570 6.2 15.5 na

TwitLys2 03/11/96 09:30 am 2,750 5.9 15.1 naTwitLys4 03/I 1/96 10:10 am 2,850 6.1 15.0 naTwitLys I 04/10/96 09:51 am 2,720 6.3 15.1 naTwitLys2 04410/96 10:10 am 2,960 6.0 16.9 naTwitLys4 04/10/96 11:05 am 3,250 6.5 16.6 naTwitLys I 05/22/96 12:05 pm 2,570 7.5 na naTwitLys2 05/22/96 10:40 am 4,120 5.8 17.6 rmTwitLys4 05/22/96 11:10 am 3,320 6.1 18.7 naTwitLysl 06/19/96 10:10 am 2,580 6.4 26.0 naTwitLys 1 07117/96 10:21 am 2,050 6.4 24.7 na
TwitLys2 07117/96 10:19 am 1,450 6.6 25.1 naTwitLys4 07117/96 10:14 am 1,560 6.9 24.3 naTwitLys2 08/07/96 09:35 am 1,687 6.0 27.3 naTwitLys4 08/07/96 09:45 am 1,360 6.7 27.0 naTwitLys 1 08/20/96 10:23 am 1,541 6.0 25.8 naTwitLys2 08/20/96 10:25 am 1,483 6.6 29.5 naT̄witLys4 08/20/96 11:04 am 1,255 6.7 32.7 naTwitLys I 09/04/96 10:42 am 1,880 6.4 23 naTwitLys2 09/04/96 10:45 am 1,000 6.8 27 naTwitLys4 09/04196 10:48 am 6,960 7.0 25. I na

TwitLysl 01/02/97 na na na na naTwitLys2 01/02/97 10:35 am 6,110 5.8 13.3 naTwitLys4 01102/97 10:40 am 6,780 6.0 14.7 naTwitPiz I 02/06/96 11:00 am 2,360 5.8 14.7 naTwitPizl 02/06/96 12:30 pm 2,500 5.8 15.5 naTwitPiz2 02/06/96 01:35 pm 3,010 5.9 14.2 naTwitPiz4 02/07/96 01:00 pm 2,770 5.9 14. I naTwitPizl 02/14/96 12:40 pm 2,670 5.7 15.1 naTwitPiz2 02/14/96 01:35 pm 3,070 5.9 14.7 naTwitPiz2 02/14/96 01:55 pm 3,070 5.9 14.7 na
TwitPiz4 02/14/96 02:13 pm 2,740 5.9 15.7 naTwitPizl 02/22/96 08:55 am 2,520 5.7 14.1 naTwitPiz2 02/22/96 09:20 am 2,830 5.8 14.0 naTwitPiz4 02/22/96 10:25 am 2,750 6.0 13.1 naTwitPizl 03/11/96 09:15 am 2,490 5.9 15.2 naTwitPiz2 03/11/96 10:06 am 2,940 6.0 14.9 naTwitPiz4 03/11/96 12:10 pra 2,720 5.8 15.5 na
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Table A1. Field parameters measured for lysimeter, piezometer, and drainage ditch samples, Twitchell Island, California--Continued

Specific pH, Temperature, Dissolved
Site Date Time conductance water, field water oxygen

(pS/¢m) (standard units) (°C) (rag/L)
TwitPiz4 03/11/96 12:10 pm 2,640 5.8 15.5 na
TwitPizl 04/10/96 09:35 am 2,540 6.0 15.6 na
TwitPizl 04/10/96 09:35 am 2,540 6.0 15.6 na
TwitPiz2 04/10/96 10:00 am 3,130 6.0 16.1 na
TwitPiz4 04/10/96 11:05 am 3,280 6.1 15.7 na
TwitPiz 1 05/22/96 10:20 am 2,480 6.0 17.5 na
TwitPiz2 05/22/96 10:40 am 3,210 5.9 16.7 na
TwitPiz4 05/22/96 11:30 am 3,080 5.8 17.2 na
TwitPiz4 05/22/96 11:30 am 3,080 5.8 17.2 na
TwitPiz 1 06/19/96 10:05 am 1,320 6.2 20.3 na
TwitPiz2 06/19/96 10:35 am 2,590 6.1 18.6 na
TwitPiz2 06/19/96 10:35 am 2,590 6.1 18.6 na

TwitPiz4 06119/96 12:20 pm 3,060 5.9 18.6 na
TwitPiz I 07/17/96 12:45 pm 1,920 5.9 2 I. 3 na
TwitPiz2 07/17/96 02:00 pm 1,790 6.0 20.3 na
TwitPiz4 07/17/96 03:20 pm 1,550 5.8 21.3 na
TwitPiz 1 08/07/96 10:20 am 1,317 6.0 27.3 na
TwitPiz2 08/07/96 10:45 am 1,740 6.0 23.7 na
TwitPiz4 08/15/96 01:09 pm 1,226 6.0 21.0 na
TwitPiz I 08/20/96 12:10 pm 1,388 6.1 21.2 na
TwitPiz2 08/20D6 10:26 am 1,510 6.0 21.6 na
TwitPiz2 08/20/96 10:26 am 1,510 6.0 21.6 na

TwitPiz4 08/20/96 02:10 pm 701 6.0 22.2 na
TwitPiz I 09/04/96 12:00 pra 1~382 6.0 21 2.94
TwitPiz2 09104/96 12:45 pm 1,244 6.1 21 1.93
TwitPiz4 09/04/96 02:54 pm 906 6.2 21.4 1.4
TwitPiz 1 10/23/96 10:45 am 1,454 5.3 18.7 .1
TwitPizl 10/23/96 10:45 am 1,454 5.3 18.7 .1
TwitPiz2 10/23/96 11:45 am 1,317 6.2 19.3 .09
TwitPiz4 10/23/96 01:10 pm 984 6.2 19 .11
TwitPiz 1 11/13/96 11:25 am 1,393 6. I 19.03 1.86
TwitPiz2 11113/96 12:10 pra 1,427 6.1 18.05 .38

TwitPiz4 11/13/96 01:35 pm 1,305 6.0 17.6 na
TwitPizl 01/02/97 11:35 am 2,717 6.0 14.1 .15
TwitPiz2 01/02/97 12:30 pm 2,912 6.0 14.6 .10
TwitDitchl 02/07/96 03:00 pm 1,067 6.0 na na
TwitDitchl 02/14/96 02:35 pm 942 6.6 16.3 na
TwitDitchl 02/22/96 11:55 am 731 7.1 12.1 na
TwitDitch 1 03/11/96 11:42 am 2,110 6.0 16.3 na
TwitDitch I 04110/96 11:30 am 1,610 6.5 19.6 na
TwitDitchl 05/22/96 12:35 pm 1,460 6.5 27.1 na
TwitDitchl 06/19/96 02:50 pm 1,456 6.7 29.1 na

TwitDitehl 07117/96 12:34 pm 810 6.3 23.7 na
TwitDitchl 08/15/96 02:27 pm 811 6.4 26.1 na
TwitDitchl 08/20/96 01:40 pm 321 6.4 29.0 na
TwitDitehl 09/04/96 01:40 pm 715 6.4 19.8 na
TwitDitchl 10/23/96 12:00 pm 713 6.5 13.3 na
TwitDitehl 11113/96 01:30 pm 1,242 6.1 17.1 na
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Table A2. Mineral data for lysimeter, piezometer, and drainage ditch samples, Twitchell Island, California
[Values are in milligrams per liter;, °C, degrees Celsius; TwitLys, lysimeter; TwitPiz, piezometer; TwitDitch, ditch; ha, not analyzed. Samples are from the
California Department of Water Resources]

Calcium,
gagne- Sodium, Potas. Alks.

Site Date Hardness dis- slum, dis- slum, Iinity, Sulfate,dis-
Cloride,dis- Bromide residueS°lids’ BorOn,dis.as CaCOs solved dis. solved dis- lab, as solved solved at 180°C solvedsolved solved CaCO3

TwitLys I 02/06/96 908 179 112 230 9.1 na 584 467 0.44 na na
TwitLys2 02/06/96 802 158 99 207 6.9 na 490 407 .52 na na
TwitLys4 02/07/96 988 198 120 247 9.7 na 629 480 .4 na na
TwitLysl 02/14/96 970 189 121 242 9.7 na 636 501 .7 na 0.4
TwitLys2 02/14/96 932 182 116 228 7.8 109 619 467 .72 1,820 .3
TwitLys4 02/14/96 1,060 210 130 256 10 na 741 509 .7 na .3

TwitLys I 02/22/96 914 183 119 231 10 114 540 477 .59 1,930 .4
TwitLys2 02/22/96 886 181 111 222 7.7 114 562 431 .79 1,870 .3
TwitLys4 02/22/96 1,010 202 123 243 10 167 627 467 .7 2,280 .4
TwitLysl 03/11/96 915 180 113 229 9.3 na 543 461 .52 na na
TwitLys2 03/11/96 876 171 109 253 8.0 na 536 445 .96 na na
TwitLys4 03/11/96 1,070 214 130 252 10.4 na 688 515 .62 na na

TwitLysl 04/10/96 1,130 226 137 258 9.3 187 778 526 .9 2,150 .5
TwitLys2 04/10/96 1,210 241 148 266 8.7 177 738 540 .82 2,320 .4
TwitLys4 04110/96 1,330 268 160 300 9.9 na 891 609 .58 na na
TwitLys2 05/22/96 1,400 280 170 308 9.3 190 876 640 1.04 2,940 .4
TwitLys 1 08/20/96 447 102 54 158 5.9 na 313 253 na na .4
TwitLys2 01/02/97 2,140 447 250 537 14 92 1,540 1,160 .68 4,180 .4

TwitLys4 01102/97 2,980 619 349 1,130 29 98 2,080 2,120 1.16 6,860 .9
TwitPizl 02/06/96 834 166 102 214 8.0 130 510 422 .68 1,670 .5
TwitPizl 02/06/96 825 164 101 207 8.2 128 509 419 .68 1,730 .5
TwitPiz2 02/06/96 1,110 218 138 276 7.4 114 781 556 .59 2,260 .6
TwitPiz4 02/07/96 1,010 197 126 242 8.8 111 715 483 .6 2,120 .4
TwitPiz 1 02/14/96 903 177 112 243 6.5 119 620 479 .7 1,850 .7

TwitPiz2 02/14/96 1,110 220 137 281 7.4 128 730 550 .64 2,260 .4
TwitPiz2 02/14/96 1,120 221 138 282 7.4 126 743 552 .64 2,230 .4
TwitPiz4 02/14/96 1,030 202 127 260 8.5 132 684 505 .66 2,030 .4
TwitPizl 02/22/96 892 176 t 10 249 6.9 123 578 452 .72 2,000 .7
TwitPiz2 02/22/96 1,120 223 138 273 7.8 136 729 534 .66 2,190 .4
TwitPiz4 02/22/96 1,040 206 127 264 8.9 14I 682 475 .7 2,140 .4

TwitPiz 1 03/11/96 854 169 105 246 7.4 139 556 431 .76 1,920 .7
TwitPiz2 03/11/96 1,150 229 141 280 8.0 145 762 537 .68 2,350 .5
TwitPiz4 03/11/96 1,140 226 139 267 9.5 165 713 516 .78 2,280 .5
TwitPiz4 03111/96 1,140 226 139 269 9.6 165 704 516 .8 2,220 .5
TwitPizl 04110/96 908 179 112 232 8.4 172 584 436 .85 1,810 .6
TwitPiz 1 04/10/96 917 181 113 170 8.4 170 588 440 .94 1,870 .5

TwitPiz2 04/10/96 1,300 2(~0 158 313 8.8 162 852 603 .76 2,470 .5
TwitPiz4 04/10/96 1,400 280 171 319 9.3 183 944 657 .92 2,660 .4
TwitPizl 05/22/96 844 170 102 213 9.0 214 511 415 .96 2,030 .3
TwitPiz2 05/22/96 1,240 246 152 296 9.1 207 795 586 .88 2,600 .4
TwitPiz4 05/22/96 1,340 268 163 312 9.0 219 866 604 1.01 2,110 .4
TwitPiz4 05/22/96 1,280 255 157 299 9.0 218 848 613 1.00 2,870 .4
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Table A2. Mineral data for lysimeter, piezometer, and drainage ditch samples, Twitchell Island, California---Continued

Site Date
Hardness Calclum, Magne- Sodium,

Potas- Alks.

dis- slum, dis- slum, Iinlty, Sulfate, Clorids, Solids, Boron,
dis- dis- Bromide residue dis-as CaCOa solved dis- solved dis- lab, as solved solved at 180°C solvedsolved solved CaCOa

TwitPizl 06/19/96 353 74 41 86 8.0 210 58 221 0.72 725 0.2
TwitPiz2 06/19/96 1,040 212 125 260 9.3 242 624 496 .85 2,140 .3
TwitPiz2 06/19/96 1,040 209 126 251 9.2 225 657 501 .83 2,270 .3
TwitPiz4 06/19/96 1,260 251 153 296 8.8 239 795 563 1.02 2,620 .4
TwitPizl 07/17/96 550 113 65 212 5.4 59 410 338 .37 1,420 .5
TwitPiz2 07/17/96 526 107 63 167 5.8 92 371 297 .4 1,290 .6
TwitPiz4 07/17/96 481 97 58 164 4.8 78 354 261 .37 1,200 .4
TwitPizl 08/07/96 342 76 37 97 7.8 190 90 231 .71 787 .2

TwitPizl 08/07/96 324 69 37 112 4.3 149 176 170 .47 832 .5
TwitPiz2 08/07/96 496 108 55 157 5.7 183 284 263 .68 1,200 .7
TwitPiz4 08/15/96 334 73 37 112 4.4 150 178 163 .45 832 .5
TwitPizl 08/20/96 278 62 30 126 5.5 139 183 191 .52 834 .5
TwitPiz2 08/20/96 329 71 37 116 4.4 73 105 173 .44 840 .6
TwitPiz2 08/20/96 305 66 34 107 4.4 130 186 170 .42 798 .5

TwitPiz4 08/20/96 171 37 19 70 2.8 na na 91 .24 495 .4
TwitPizl 09/04/96 320 69 36 134 4.5 152 184 168 .59 912 .6
TwitPiz2 09104/96 316 69 35 112 4.1 152 134 176 .54 791 .6
TwitPiz4 09/04/96 239 53 26 79 3.3 135 81 131 .47 607 .5
TwitPizl 10/23/96 370 79 42 165 5.0 210 168 262 .91 1,140 .6
TwitPizl 10/23/96 370 79 42 171 5.2 210 157 276 .92 1,060 .6

TwitPLz2 10/23/96 311 67 35 99 4.6 189 84 198 .7 794 .5
TwitPiz4 10/23/96 268 58 30 85 3.7 179 40 175 .72 676 .4
TwitPiz 1 11/13/96 363 78 41 129 5.3 269 104 215 1.01 977 .5
TwitPiz2 11/13/96 382 82 43 115 4.6 252 116 210 .84 987 .6
TwitPiz4 11/13/96 357 77 40 102 4.0 258 89 186 .83 832 .5
TwitPizl 01/02/97 785 166 90 236 10 167 630 431 .77 1,930 .5

TwitPiz2 01/02/97 942 199 108 220 6.8 173 677 498 .76 2,100 .7
TwitPiz4 01/02/97 942 201 107 215 6.5 185 606 479 na 1,970 .6
TwitPiz8 01102/97 na na na na na na na na na na na
TwitPiz9 01/02/97 836 164 84 180 6.8 279 423 449 .91 1,760 .6
TwitDitch 1 02/07/96 348 75 39 81 5.9 24 319 100 .12 748 .2
TwitDitch 1 02/14/96 315 67 36 76 7.7 36 270 102 .13 688 .2

TwitDitchl 02/22/96 245 52 28 57 7.6 48 193 80 .11 520 .2
TwitDitehl 03/11/96 807 165 96 183 5.1 76 584 324 .41 1,650 .4
TwitDiteh 1 04/10/96 829 111 134 59 3.3 53 389 263 .57 1,120 na
TwitDiteh 1 05122/96 518 102 64 115 3.4 74 295 270 .85 1,080 .3
TwitDitch 1 06/19/96 512 96 66 103 3.9 142 16 391 1.63 1,020 .4
TwitDitehl 07/17/96 493 102 58 134 3.1 101 292 247 .42 1,110 .6

TwitDitehl 08/15/96 223 48 25 61 2.3 89 73 135 .53 604 .7
TwitDitch 1 08/20/96 66 13 8 30 2.2 30 34 48 .17 220 .2
TwitDitchl 09/04/96 182 38 21 61 3.4 123 14 131 .55 512 .5
TwitDitchl 10/23/96 186 38 22 66 4.9 119 8 156 .61 519 .3
TwitDitch 1 11/13/96 357 72 43 92 4.9 174 22 266 1.11 793 .3
TwitDitehl 01/02/97 513 113 56 112 8.8 26 440 206 .21 1,120 .2
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Table A3. Lysimeter, piezometer, and drainage ditch sample results for speciation of trihalomethane formation potential and associated parameters, Twitchell Island, California

[CHCI3, chloroform; CHCI2Br, bromodichloromettume; CHBrzCI, chlorodibromomethane; CHBr3, bromoform; TwitLys, lysimeter; TwitPiz, piezometer; TwitDitch, ditch; ha, not analyzed; <, less titan.
Values in micrograms per liter, except ultraviolet absorbance, which is in pe~ centimeter units. "Pdlmlomethane fon’aafion potential determized using dose-based fftethod, ullless otherwise noted in Method
colunm. Samples from the California Department of Water Resounms]

Trihalo- Ultra-    Halo- Halo- Halo- Halo- Halo- Halo-Dllaolved mett~ane violet
Site Date    CHCIs CHCI=Br CHBr2CI CHBra organk:formation ab~. acetic a~eti~ acetic acetic a~etle a~etlc Method

carbon potential banee acid I acid 2 acid 3 acid 4 acid 5 =mid 6

TwitLysl 02/14/96 4,800 420 50 50 58.3 5,320 2.27 na na na na na na
TwitLys2 02/14/96 3,600 450 58 40 46.2 4,148 1.53 na na na na na na
TwitLys4 02/14/96 4,800 440 60 60 61.8 5,360 2.63 na na na na na na
TwitLys I 02/22/96 5,300 530 60 60 63.3 5,950 2.64 na na na na na na
TwitLys2 02/22/96 4,100 480 52 40 48.7 4,672 1.68 na na na na na na

TwitLys4 02/22/96 5,900 420 60 60 64.6 6,440 2.78 na na na na ¯ na na
04/10/96 8,600 720 80 80 85.2 9,480 3.98 na na na na na naTwitLysl

TwitLys2 04/10/96 6,200 600 60 60 65.5 6,920 2.51 na na na na na na
TwitLys4 04/10/96 7,200 630 60 60 73.6 7,950 na na na na na na na
TwitLys2 05/22/96 6,100 700 60 60 78.7 6,920 2.92 na na na na na na

TwitLys4 05/22/96 6,200 610 80 80 71.6 6,970 na na na na na na na
TwitLysl 07117/96 na na na na na na .159 na na na na na na
TwitLysl 08/20/96 5,300 360 26 0 63.6 5,686 na na na na na na na
TwitLysI 09/04/96 8,800 550 <80 <80 92.6 9,350 na na na na na na na
TwitLys2 09/04/96 4,600 240 <60 <60 42.8 4,840 na na na na na na na

TwitLys4 09104/96 5,100 250 <60 <60 47.5 5,350 na na na na na na
TwitLysl 01/02/97 na na na na na na na na na na na na na
TwitLys2 01/02/97 5,200 500 <60 <60 76 5,700 2.7 na na na na na na
TwitLys2 01/02J97 4,900 550 <60 <60 76 5,450 2.7 <60 <60 <60 <60 2,300 2,300 Reactivity-based
TwitLys4 01/02/97 9,300 850 <80 <80 139 10,150 4.07 na na na na na na

TwitLys4 01/02/97 9,200 930 <80 <80 139 10,130 4.07 <80 <80 <80 <80 4,500 5,300 Reactivity-based
TwitPizl 02/06/96 4,600 430 60 60 71.3 5,150 2.540 na na na na na na
TwitPizl 02/06/96 4,700 420 60 60 61.0 5,240 2.530 na na na na na na
TwitPiz2 02/06/96 5,200 420 60 60 65.5 5,740 2.610 na na na na na na
TwitPiz4 02/07/96 4,500 410 50 50 58.7 5,010 2.480 na na na na na na
TwitPizl 02/14/96 5,400 420 70 70 68.8 5,960 3.130 na na na na na na

TwitPiz2 02/14/96 5,100 390 60 60 64.4 5,610 2.840 us na na
TwitPiz2 02/14/96 5,000 400 60 60 65.4 5,520 2.880 na na na na na na
TwitPiz4 02/14/96 4,500 410 60 60 60.0 5,030 2.580 na na na na na na
TwitPizl 02/22/96 6,700 450 70 70 73.1 7,290 3.420 na na na na na na
TwitPiz2 02/22/96 6,100 430 60 60 66.9 6,650 2.970 na na na na na na



Table A3. Lysimeter, piezometer,and drainage ditch sample results for speciation of trihalomethane formation potential and associated parameters, Twitchall Island, California--Continued          ~

Trihalo. Ultra.Dissolved Halo- Halo- Halo- Halo- Halo- Halo.methane violetSite Date CHCIa CHCI=Br CHBr2Cl CHBr$ organic formation absor- acetic acetic . acetic acetic, acetic acetic Method
carbon acid I acid 2 acid 3 acid 4 acid 5 acid 6potential bance

TwitPiz4 02/22/96 6,000 440 60 60 63.0 6,560 2.760 na na na na na na
TwitPizl 03111/96 7,400 540 80 80 78.4 8,100 3.720 na na na na na na
TwitPiz2 03/11/96 6,800 490 70 70 70.0 7,430 3.130 na na na na na na
TwitPiz4 03/I 1/96 6,800 550 70 70 69.7 7,490 2.940 na na na na na na
TwiLPiz4 03111/96 6,800 580 70 70 69.6 7,520 2.960 na na na na na na

TwitPiz6 03/21/96 1,500 190 20 20 10.4 1,730 .759 na na na na na na
TwitPiz7 03/21/96 4,900 300 60 60 39.3 5,320 2.540 na na na na na na
TwitPizl 04/10/96 7,500 620 80 80 77.7 8,280 3.640 na na na na na na
TwitPizl 04/10/96 8,000 570 <80 <80 77.4 8,570 3.660 na na na na na na
TwitPiz2 04/10/96 8,300 450 80 80 78.1 8,910 3.980 na na na na na na

TwitPiz4 04/10/96 7,300 540 80 80 78.3 8,000 3.430 na na na na na na
TwitPiz5 04/11/96 1,400 200 20 20 10.1 1,640 .769 na na na na na na ,,~
TwitPiz6 04/11/96 3,600 420 50 50 27.9 4,120 1.960 na na na na na na
TwitPiz7 04/11/96 9,800 680 90 90 85.4 10,660 4.240 na na na na na na
TwitPizl 05/22/96 6,300 600 80 80 75.4 7,060 3.560 na na na na na na

TwitPiz2 05/22/96 8,100 580 0 90 86.4 8,770 4.080 na na na na na na
TwitPiz4 05/22/96 7,200 600 80 80 86.8 7,960 3.710 na na na na na na
TwitPiz4 05/22/96 7,400 570 80 80 85.6 8,130 3.650 na na na na na na "~
TwitPiz5 05/2’8/96 1,200 180 20 20 10.6 1,420 .814 na na na na na na
TwitPiz6 05/28/96 7,100 610 120 120 77.3 7,950 5.730 na na na na na na

TwitPiz7 05/28/96 15,100 2,800 410 250 171.4 18,560 12.300 na na na na na na
TwitPizl 06/19/96 1,600 400 120 30 20.4 2,150 1.180 na na na na na na
TwitPiz2 06/19/96 7,900 650 100 100 86.2 8,750 5.370 na na na na na na
TwitPiz2 06/19/96 8,100 630 100 100 86.9 8,930 5.340 na na na na na na
TwitPiz4 06/19/96 10,100 800 100 100 96.6 11,100 5.030 na na na na na na

TwitPiz5 06/20/96 1,400 220 29 20 11.7 1,669 .857 na na na na na na
TwitPiz6 06/20/96 6,500 620 100 100 67.0 7,320 5.040 na na na na na na
TwitPiz7 06/20/96 21,100 2,700 330 300 207.9 24,430 13.340 na na na na na na
TwitPizl 07117/96 4,800 350 0 0 49.9 5,150 2.320 na na na na na na
TwitPiz2 07117/96 4,500 340 0 0 44.5 4,840 2.310 na na na na na na

TwitPiz4 07117/96 4,500 310 O 0 49.0 4,810 2.260 na na mi na na na
TwitPiz5 07117/96 1,100 240

4~
0 8.3 1,384 .686 na na na na na na

TwitPiz6 07117/96 6,800 630 0 59.1 7,430 4.860 na na na na na na
TwitPiz7 07117/96 18,200 2,000 0 0 155.6 20,200 15.700 na na na na na na
TwitPizl 08/07/96 2,200 390 85 0 24.8 2,675 1.550 na na na na na na



Table ~ Lysimeter, piezometer, and drainage ditch sample results for speciation oftrihalomethane formation potential and associated parameters, Twitchell Island, California--Continued

Di~olved Trihalo- Ultra- Halo- Halo- Halo- Halo- Halo- Halo-methane violet
Site Date    CHCla CHCI~Br CHBr2Cl CHBra organicformation absor- acetic acetic acetic acetic acetic acetic Method

carbon
potential bance acid I acid 2 acid 3 acid 4 acid 5 acid 6

TwitPizl 08/07/96 7,400 370 0 0 73.3 7,770 3.960 na na na na na na
TwitPiz2 08/97/96 7,400 450 0 0 76.6 7,850 4.630 na na na ma na na
TwitPiz4 08/15/96 7,100 350 0 0 70.3 7,450 3.890 na na na na na na
TwitPiz5 08/16/96 1,100 250 48 0 9.0 1,398 .718 na na na na na na
TwitPiz6 08/16/96 11,9~0 800 0 0 99.8 12,700 7.890 na na na na na na

TwitPiz7 08/16/96 19,900 2,400 290 0 172.0 22,590 11.720 na na na na na na
TwitPizl 08/20/96 4,900 350 0 0 55.9 5,250 2.960 na na na na na na
TwitPiz2 08/20/96 6,400 320 0 0 65.6 6,720 3,770 na na na na na na
TwitPiz2 08/20/96 6,400 320 0 0 64.4 6,720 3.580 na na na na na na
TwitPiz4 08/20/96 4,700 200 0 0 48.3 4,900 2300 na na na na na na

TwitPizl 09/94196 8,200 470 <90 <90 82.8 8,670 4.420 na na na na na na
TwitPiZ2 09/04/96 6,900 390 <90 <90 69.9 7,290 4.190 na na na na na na
TwitPiz4 09/04~6 6,800 340 <80 <80 65.0 7,140 3.760 na na na na na na
TwiLPiz5 09/04/96 970 270 66 <20 8.4 1,306 .629 na na na na na na
TwitPiz6 09/04/96 9,300 510 <80 <80 94.5 9,810 na na na na na na na

TwitPizl 10/23/96 7,900 710 <100 <100 96.2 8,610 5.240 na na na na na na Reactivity-based
TwitPizl 10/’23/96 8,000 710 <100 <100 96.2 8,710 5.260 na na na na na na Reactivity-based
TwitPiz2 10/23/96 4,800 500 <80 <80 59.3 5,300 3.960 na na na na na na Reactivity-based
TwitPiz4 10/23/96 4,300 490 <70 <70 50.6 4,790 3.320 na na na na na na Reactivity-based
TwitPiz5 10/23/96 560 270 96 <10 6.8 926 .556 na na na na na na Reactivity-based

TwitPizl 11113/96 5,800 610 <80 <80 75.7 6,410 3.940 na na na na na na
TwitPiz 1 11/13/96 5,000 620 <80 <80 75.7 5,620 3.940 na na na na na na Reactivity-based
TwitPiz2 11113/96 5,800 530 <100 <100 71.6 6,330 4,540 na na na na na na
TwitPiz2 11113/96 5,300 560 <I00 <100 71.6 5,860 4.540 na na na na na na Reactivity-based
TwitPiz4 11113/96 5,600 540 <90 <90 67.7 6,140 4,260 na na na na na na

TwitPiz4 11113/96 4,9~0 580 <90 <90 67.7 5,480 4.260 na na na na na na Reactivity-based
TwitPiz5 11/13/96 490 230 94 <10 5.8 814 ,433 na na na na na na
TwitPiz5 11113/96 320 200 99 <10 5.8 619 .433 na na na na na na Reactivity-based
TwitPiz6 11113/96 12,000 890 <150 <150 132.0 12,890 8.78 na na na na na na
TwitPiz6 11/13/96 10,000 800 <180 <180 132.0 10,800 8.78 na na na na na na Reactivity-based

TwitPizl 01/02/97 6,500 520 <90 <90 85.4 7,020 4,44 na na na na na na
TwitPizl 01/02/97 5,400 560 <90 <90 85.4 5,960 4.44 <90 <90 <90 <90 3,400 5,400    Reactivity-based
TwitPiz2 01102/97 7,300 560 <100 <100 78.3 7,860 5.27 na na na na na na
TwitPiz2 01/02/97 5,700 570 <100 <100 78.3 6,270 5.27 <100 <100 <100 <100 3,300 5,000 Reactivity-based
TwitPiz4 01/02/97 6,200 580 <100 <I00 68.2 6,780 4.56 na na na na na na



Table A3. Lysimeter, piezometer, and drainage ditch sample results for speciation of trihalomethane formation potential and associated parameters, Twitchell Island, California---Continued

Trihalo- Ultra-Dissolved Halo- Halo- Halo- Halo- Halo- Halo-methane vio|etSite Date CHCI3 CHCI2Br CHBr2Cl CHBr$ organic
formation absor- acetic acetic acetic acetic acetic acetic Method

carbon acid I acid 2 acid 3 acid 4 acki 5 acid 6potential trance
TwitPiz4 01/02/97 4,900 580 <100 <100 68.2 5,480 4.56 <100 <100 <100 <100 2,400 3,000 Reactivity-ba~l
TwitPiz5 01/02/97 na na na na na na na na na na na na na
TwitPiz6 01/02/97 2,700 180 <30 <30 35.2 2,880 1.26 na na na na na na
TwitPiz6 01/02/97 2,600 210 <30 <30 35.2 2,810 1.26 <30 <30 <30 <30 1,600 2,300    Reactivity-based
TwitPiz6 01/02/97 na na na na na na na na na na na na na

TwitPiz7 01/02/97 na na na na na na na na na na na na na
TwitPiz8 01/02/97 na na na na na na na na na na na na na
TwitPiz9 01102/97 4,900 530 <100 <100 74.6 5,430 5.35 rut na na na na na
TwitPiz9 01/02/97 4,600 600 <100 <100 74.6 5,200 5.35 <100 <100 <100 <100 2,200 2,700 Reactivity-based
TwitDitchl 02/07/96 2,300 110 40 40 27.4 2,490 1.000 na na na a~ na n~

TwitDitchl 02/14/96 2,600 120 30 30 28.9 2,780 1.070 na na na na na na
TwitDitchl 02/22/96 2,800 78 30 30 29.1 2,938 1.100 na na na na na na
TwitDitchl 03/11/96 5,200 330 60 60 52.6 5,650 2.300 na na na aa na na
TwitDitchl 04/10/96 3,300 400 59 30 32.1 3,789 1.280 na n~ na na na na
TwitDitchl 05/22/96 2,600 440 72 30 31.3 3,142 1.140 na na na na n~ na

TwitDitehl 06/19/96 540 470 400 75 10.0 1,485 .404 na na na na na na
TwitDitchl 07/17/96 4,500 330 0 0 42.5 4,830 2.890 na na na na na na
TwitDitehl 08/15/96 5,500 360 0 0 48.9 5,860 4.290 na na na na na rut
TwitDitchl 08/20/96 2,600 130 0 0 22.3 2,730 1.180 na na na na na rut

¯ , TwitDitchl 09/04/96 5,100 360 <70 <70 44.8 5,460 3.150 na na na na na na

~ TwitDitehl 10/23/96 1,300 380 91 <40 15.7 1,771 1.580 na na na na na na Reaelivity-based I
~ TwitDitehl 11/13/96 1,100 460 200 <20 17.0 1,760 .956 na na na na na na
~ TwitDitehl 11/13/96 830 440 260 <20 17.0 1,530 .956 na na na na na na Reactivity-based
m_. TwitDitehl 01/02D7 2,800 190 <30 <30 35.4 2,990 1.26 na na na na na na
~. TwitDitchl 01/02/97 2,600 210 <30 <30 35.4 2,810 1.26 <30 <30 <30 <30 1,600 2,600 Reaetivity-base, d
-!

i



Table A4. Iron, manganese, and nitrogen species (as N) data for lysimeter, piezometer, and drainage ditch samples, Twitchell Island,
California
[Values are in milligrams per liter; TwitLys, lysimeter, TwitPiz, piezometer; TwitDitch, ditch; ha, not analyzed <, less than. Samples are from the
California Department of Water Resources]

Nltd~e
~ Nitrate, plus Nitrogen,

SRe Date dissolved Nitrate, ammonia, Iron Manganese,
dissolved di~olved

(as N) dissolved
(as N) (as N)

TwitLys2 05/22/96 3.5 na na na na
TwirLys 1 01/02/97 na na na na na
TwitLys2 01/02/97 10 2.3 0.86 na na
TwitLys4 01102/97 49 11 .62 na na
TwitPizl 05/22/96 40 na na na na

TwitPiz2 05/22/96 1.5 na na na na
TwitPiz2 05/22/96 1.4 na na na na
TwitPiz4 05/22/96 2.5 na na na na
TwitPiz 1 07/17/96 .8 .03 1.90 5.66 0.115
TwitPiz2 07/17/96 .8 0 2.90 9.46 .129

TwitPiz4 07/17/96 1.2 .01 1.10 4.31 .712
TwitPizl 08107/96 <. 1 0 13.00 8.8 1.81
TwitPiz 1 08/07/96 <. 1 0 2.20 8.2 t .3
TwitPiz2 08/07/96 <.1 0 4.40 20.7 1.74
TwitPiz4 08/15/96 .2 0 2.00 6.2 1.26

TwitPizl 08/20/96 8.8 0 8.40 9.2 1.55
TwitPiz2 08/20/96 .1 0 3.40 14.6 1.23
TwitPiz2 08/20/96 3.3 0 3.40 12.2 1.14
TwitPiz4 08/20/96 1.3 0 1.20 5.7 .619
TwitPizl 09/04/96 8.9 .29 2.10 9.4 1.18

TwitPiz2 09/04/96 13 na 3.20 16.8 1.05
TwitPiz4 09/04/96 5.9 .03 1.30 8 .881
TwitPizl 10/23/96 2.2 .52 3.130 na na
TwitPiz2 10/23/96 na .02 2. I0 13.9 .92
TwitPiz4 10/23/96 <. 1 .02 2.20 10.8 1.02

TwitPiz 1 11/13/96 40 na 6.30 8.9 1.42
TwitPiz2 11/13/9 6 27 na 4.20 18.3 1.21
TwitPiz4 11/13/96 15 na 2.80 14.4 1.33
TwitPizl 01/02/97 .4 .16 3.0 na na
TwitPiz2 01/02/97 <. 1 <.01 5.0 na na

TwitPiz4 01/02/97 .2 .07 3.7 na na
TwitPiz8 01/02/97 na na na na na
TwitPiz9 01/02/97 <. 1 <.01 10 na na
TwitDitchl 05/22/96 9.6 na na na na
TwitDitchl 07/17/96 1.7 0 .90 11.3 .767
TwitDitchl 08/15/96 1 0 .88 27.8 1.28
TwitDitchl 08/20/96 .6 .05 .28 1.4 .352
TwitDitchl 09/04/96 .4 .02 .62 9.1 .578

TwitDitch 1 1 0/23/96 <. 1 .02 2.70 11 .832
TwitDitchl 11/13/96 13 na 2.60 3.66 1.15
TwitDitchl 01/02/97 55 13 1.0 na na
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APPENDIX B: DISSOLVED ORGANIC CARBON Quality assurance/quality control (QAJQC) for
AND ULTRAVIOLET ABSORPTION the DOC and UVA measurements consisted of select-

MEASUREMENTS ing two or three samples at random and analyzing
another sample aliquot (split) at the end of a set of anal-

Filtered (0.45 grn) samples collected for the yses. The QA/QC data and summary statistics for the
measurement of DOC and UVA at 254 nm were packedDOC and UVA measurements are presented in tables
in ice and shipped to the USGS Laboratory in Boulder,B4 and B5 respectively. The difference between a sam-

Colo. DOC measurements were made with an OI pie and its split can be used to distinguish differences

model 700 total organic carbon analyzer. UVA mea-between sample analyses that are significant from those
differences caused by random error, which occur insurements were made with a Hewlett Packard 8453

spectrophotometer. All measurements were madeevery measurement. For example, if the difference in
DOC concentration or UVA between any two samples

within 1 week of sample collection. The DOC, UVA,is less than or equal to the mean differences in tables B4
and SUVA data collected during the study are pre- and B5, then that difference is a result of random error
sented in tables B1, B2, and B3 respectively. SUVA isand the samples have essentially the same value. Only
calculated by dividing the UVA values by the DOCif the difference between two samples is greater than
concentration. This normalizes the UVA data to carbonthe mean difference listed in tables B4 and B5 can we
and represents the amount of aromaticity per milligrambe confident that a significant difference in DOC or
of DOC in a sample. UVA values exists.

Table B1. Dissolved organic carbon concentrations for lysimeter, piezometer, and drainage ditch samples, Twitchell Island, California
[’v~lues are in milligrams per liter, na, not analyzed]

Date Lysimeter I Lysimeter 2 Lysimeter 4 Piezometer I Piezometer 2 Piezometer 4 Ditch
02/06/96 54.1 42, I 51.9 61.4 63.2 60.1 24.5
02/14/96 58.8 44.2 62.3 69.0 66.0 60.8 26.1
02/22/96 61.0 46.4 63.8 71.4 65.1 59.6 27.7
03/11/96 68.1 69.2 65.6 79.3 68.6 70.6 54.9
04/10/96 80.1 64.5 68.6 75.6 77.9 78.9 34.1

05/22/96 na 77.0 70.8 73.3 83.1 82.0 19.9

06/19D6 45.5 46.3 na 20,8 82.4 93.0 9.8
07/17/96 52.7 42.1 54.5 50.0 44.2 49.3 42.2
08/14/96 na 63.3 na 25.8 72.7 69,0
09/04/96 91.7 42.9 na 82.3 66.4 63.9 40.2

10/23/96 121.3 41.7 na 87.0 51.8 45.4 14.9
11/13/96 128.3 80.6 38.1 78.1 71.9 69.2 17.0
12/11/96 66.8 22.1 50.4 82.8 69.5 78.2 na
01/02/97 65.9 21.4 48.1 81.6 76.3 77.6 33
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Table BZ Ultraviolet absorbance data for lysimeter, piezometer, and drainage ditch samples, Twitchell Island, California
[Values are in per centimeter; ha, not analyzed. Ultraviolet absorbance at 254 nanometers]

Date Lysimeter I Lysimeter 2 Lysimeter 4 Piezometer I Piezometer 2 Plezometer 4 Ditch
02/06/96 1.714 1.290 1.831 2.464 2.478 2.338 0.951
02/14/96 2.220 1.510 2.546 3.280 2.970 2.580 1.034
02/22/96 2.578 1.647 2.770 3.424 3.002 2.689 1.072
03/11/96 2.867 2.495 2.521 3.592 3.005 2.927 2.350
04/10/96 3.588 2.490 2.606 4.006 3.788 3.352 1.200

05/22/96 na 2.740 2.753 3.620 4.116 3.718 .830
06/19/96 1.892 1.362 na .920 3.920 3,764 .368
07/17/96 2.1 64 1.720 2.080 2.414 2.204 2.330 1.887
08/14/96 na 2.894 na 1.540 4.128 3.762 na
09/00/96 4.212 1.170 na 4.036 3.934 3.690 2.021

10/23/96 5.227 2. I 16 na 4.523 3.201 3.026 1.595
11/13/96 6.010 3.401 1.317 3.654 4.253 3.814 .913
12/11/96 2.730 .983 2.139 4.676 4.634 4.563 na
01/02D7 na 2.475 3.934 3.781 3.532 3.220 1.201

Table B3. Specific ultraviolet absorbance data for lysimeter, piezometer, and drainage ditch samples, Twitchell Island, California
[Values are in liter per centimeter per milligram; na, not applicable. Ultraviolet absorbance at 254 nanometers]

Date Lysimeter I Lysimeter 2 kysimeter 4 Plezometer I Piezometer 2 Plezometer 4 Ditch
02/06/96 0.032 0.031 0.035 0.040 0.039 0.039 0.039
02/14/96 .038 .034 .041 .048 .005 .042 .040
02/22/96 .002 .035 .043 .048 .006 .005 .039
03/11/96 .042 .036 .038 .005 .044 .041 .003
00110/96 .005 .039 .038 .054 .009 .002 .035

05/22/96 na .036 .039 .049 .050 .005 .002
06/19/96 .042 .029 na .044 .048 .040 .038
07/17/96 .00 1 .001 .038 .048 .050 .007 .005
08/14/96 na .006 na .060 .057 .055 na
09/04/96 .006 .027 na .049 .059 .058 .050

10/23/96 .003 .051 na .052 .062 .067 .107
11/13/96 .007 .002 .035 .047 .059 .055 .054
12/11/96 .001 .044 .002 .056 .067 .058 na
01/02/97 na .116 .082 .046 .006 .00 1 .036

46 Dissolved Organic Carbon Concemrations, Compositions, Trihalome~ane Formation Potentials, Sacramento-San doaquin Delta

D--042339
[3-042339



Table B4. Quality assurance and quality control for dissolved organic carbon data, Twitchell Island, California
[Values are in milligrams per liter]

Site Date Sample dissolved Split dissolved Differenceorganic carbon organic r.arbon
Piezometer 1 02/07/96 61.4 61.0 0.4
Piezometer 2 02/14/96 66.0 66.8 .8

Piezomcter 4 03/11/96 70.6 71.5 .9
Piezometer 1 04/10/96 75.6 74.8 .8
Lysimeter 2 05/22/96 77.0 77.4 .4
Piezometer 4 05/22/96 82.0 84.1 2.1
Ditch 05/22/96 19.9 21.7 1.8

Lysimeter 2 06/19/96 46.3 46.4 .1
Piezometcr 2 06/19/96 82.4 82.6 .2
Piezometcr 2 06/19/96 82.4 85.6 3.2
Ditch 06/19/96 9.8 9.8 .0
Lysimeter 1 07/17/96 52.7 51.8 .9

Lysimeter 4 07/17/96 54.5 53.5 1.0
pump 07/17/96 14.1 14.1 .0
Lysimeter 2 08/14/96 63.3 67.1 3.8
Piezometer 2 08/14/96 72.7 72.5 .2
Piezometer 2 08114/96 72.7 72.8 .1

Piezometer I 09/04/96 82.3 80.4 1.9
Ditch 09/04/96 40.2 41.0 .8
Lysimeter 1 10/23/96 121.3 119.0 2.3
Piezometer 1 10/23/96 87.0 87.7 .7

Ditch 10/23/96 14.9 15.4 .5

Lysimeter 4 11/13/96 38.1 38.7 .6
Piezometer 4 11/13/96 69.2 67.5 1.7
Pump 11/13/96 5.8 5.8 .0
Lysimeter 4 01/02/97 48.1 49.8 1.7
Piczometer 4 01/02/97 77.6 79.3 1.7

Mean difference 1.1
Standard deviation 1.01

95 percent confidence interval about the mean1.1 (±) 0.4
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Table BS. Quality assurance and quality control for ultraviolet absorbance data, Twitchelt Island, California
[Values are in per centimeter]

Site Date Sample ultraviolet Split ultraviolet Differenceabsorbance absorbance
Piezometer 1 02/07/96 2.464 2.462 0.002
Lysimeter 3 02/14/96 1.786 1.806 .020
Piezometer 2 02/14/96 2.970 3.013 .043
Lysimeter 3 02/22/96 1.958 2.061 .103
Piezometer 3 02/22/96 2.568 2.468 .1 (30

Piezometer 4 03/I 1/96 2.927 2.930 .003
Piezometer 1 04/10/96 4.046 3.906 .140
Lysimeter 2 05/22/96 2.740 2.738 .002
Piezometer 4 05/22/96 3.718 3.680 .038
Ditch 05/22/96 .830 .830 .000

Lysimeter 2 06/19/96 1.362 1.390 .028
Piezometer 2 06/19/96 3.920 4.232 .312
Piezometer 2 06/19196 3.920 4.050 .130
Ditch 06/19/96 .368 .377 .009
Lysimeter 1 07/17/96 2.164 2.152 .012

Pump 07/17/96 .691 .636 .055
Lysimeter 1 10/23/96 5.227 5.287 .060
Piezometer 1 10/23/96 4.523 4.517 .006
Ditch 10/23/96 1.595 1.600 .005
Lysimeter 4 11/13/96 1.317 1.316 .001

Piezometer 4 11/13/96 3.814 3.737 .077
Pump 11/13/96 .313 .313 .000

Mean difference 0.052
Standard deviation 0.073

95 percent conIid~nce interval about the re.can 0.052 (+) 0.032
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APPENDIX C: DISSOLVED ORGANIC CARBON others (1990) have suggested that the formation of
FRACTIONATION AND ISOLATION THMs is a result of the reaction of chlorine with aro-

marie rings in humic substances. Humic substances are
A major component of this study involved theclassified among the HPOA and are defined as an

fractionation (separation) of the DOC into five opera-extremely complex and diverse group of poorly biode-
tionally defined categories and the isolation of thegradable decomposition products and byproducts of
organic matter of two of these categories for analysisnatural organic matter, which are produced by both
by 13C-NMR spectroscopy. These techniques are nee-plants and animals and whose structure is not well
essary in the investigation of the role of organic tom-defined (Snoeyink and Jenkins, 1980). Thus, by being
pounds in geochemical processes because the reactivityable to fractionate the portion of the DOC that is reac-
of an organic compound is determined by its structure,tive with chlorine, its overall structure can be deter-
and the DOC content of surface and ground water ismined, and the amount of the total DOC that it
composed of thousands of individual compounds, eachconstitutes can be calculated. This fractionation will
with its own unique structure. Structure refers to lead to a better understanding of the processes control-
molecular weight and the relative amount of functionalling the formation and seasonal variability ofTHM pre-
groups (carboxylic acid, ether, amine, and so forth).cursors in a given environment and the development of
Because each compound l~as a unique structure andpossible land and water use strategies that can be
many of these compounds are present in low concentra-employed to keep the formation of THMs to ations, the fractionation and subsequent identification of

minimum.all compounds individually is impractical. However, it
is possible to fracrionate compounds with similar strut- Samples collected for fractionation and isolation
tures together into the following operationally definedwere filtered (0.45 lxm) in the field into stainless steel

categories: HPOA, hydrophobic neutrals (HPON), containers, shipped in ice to the USGS Laboratory in

HPIA, hydrophilic neutrals (HPIN), and low molecularBoulder, Colo. and refrigerated until they were frac-
tionated on the columns. The piezometer samples wereweight hydrophilic acids. This fractionation was

accomplished with the use of XAD-8 and XAD-4 resin,fractionated on 295-mL capacity columns. These col-

A description of the physical and chemical propertiesumns process sample volumes of 15 L with a DOC con-
of these resins is given in Aiken and others (1992).centmtion of no greater than 20 mg/L for maximum

The HPOA and HPIA fractions constitute theadsorption efficiency. The piezometer samples always
majority of organic carbon in fresh waters. Aiken andhad concentrations greater than 20 mg/L so they were
others (1992) define I-IPOA"as that portion of the DOCdiluted with 0.01 normality (N) HC1 to a concentration

that sorbs on a column of XAD-8 resin at pH 2 underof about 15 to 20 mg/L before being run on the column.
conditions where k’ is 50 for the column, and is elutedThe samples were acidified to pH 2 by the addition of
at pH 13. This fraction can contain aliphatic carboxylic12.1 N HC1 before they were run on the columns. Acid-
acids of five to nine carbons, one- and two-ring aro-ifying the sample enhances adsorption on the nonionie
matic carboxylic acids, one- and two-ring phenols, andresin by neutralizing negatively charged species. After
aquarie humie substances," and they define HPIA "asacidification, the samples were run on the two XAD
that portion of the DOC contained in the XAD-8 resinresin columns connected in series with Teflon tubing at
effluent at pH 2 that sorbs on a column of XAD-4 resina constant rate of 60 mL/min. Samples were run
under conditions where k’ is 50 for the column, and isthrough the XAD-8 column first and then through the
eluted at pH 13. This fraction can contain polyfunc-XAD-4 column. To ensure collection of a sufficient
tional organic acids and aliphatic acids with five oramount of material for analysis by 13C-NMR spectros-

fewer C atoms." The capacity factor, k~, is the grams ofcopy, enough sample was collected to fractionate each
solute on resin per gram of solute in column void vol-sample through two sets of columns concurrently. After
ume. all of the sample was run through the columns, each

The ability to isolate compounds that possesscolumn was separately back eluted with 0.1 N NaOH to
similar structures greatly facilitates the study of THMdesorb the material adsorbed on the column. One liter
formation. Because the compounds in each operation-of 0.1 N NaOH was run through the columns at
ally defined category have similar structures, each cat-20 mL/min, and collected in volumetric flasks. The elu-
egory of organic carbon will react differently with ates were immediately acidified to pH 2 by the addition
chlorine. For example, Rook (1977) and Reckhow andof 12.1 N HC1.
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The next step in the procedure was to removeThese fractionation calculations were performed on
salts from the samples. After back elution, the eluatesboth runs of the 295-mL columns (table C2).
were pumped back onto the respective XAD columns The mass of each operationally defined category
and C1 was removed by flushing with deionized waterfor the 295-mL columns was calculated in the follow-
until the water coming out of the bottom of the columning manner: An initial DOC sample was collected from
had a specific conductance of less than 750 ~S/cm.each sample after it was acidified, but before it was run
Both columns were again back eluted with 0.1 NNaOHon the column. Once the sample was running through
and the eluate passed through columns containingthe columns, a DOC sample w._as collected from the
hydrogen-saturated cation exchange resin. The cationeffluent of each column at 2-L intervals and at the end
exchange columns were flushed with deionized waterof the run. Each eluate was analyzed for its DOC con-
until the specific conductance of the water coming outcentration before it was desalted. A plot of DOC con-
of the bottom of the column had a specific conductancecentration versus volume of sample passed through the
of less than 50 lsS/cm, signifying removal of Na. Aftercolumn was made for each sample (fig. C 1). The area
the desalting procedure, the sample was freeze driedunder the XAD-8 curve represents the mass of C in the
and analyzed by 13C-NMR spectroscopy. XAD-8 effluent. The area under the XAD-4 curve rep-

The lysiineter samples were fractionated on 20-resents the mass of C in the XAD-4 effluent. The total
mL columns because a sufficient volume of sample tomass of C put on the columns was calculated by multi-
run them on the 295-mL columns could not be col-plying the initial DOC concentration by the sample vol-
lected, except for a sample collected from lysimeter 2ume (15 L). The mass of the HPOA fraction was
on January 2, 1997, which was fractionated on the 295-calculated by multiplying the DOC concentration of
mL column. The 20-mL columns process a sample vol-the XAD-8 eluate by its volume (1 L), and the mass of
ume of 1 L with a DOC concentration of no greaterthe HPIA fraction is calculated by multiplying the
than 20 mg/L for maximum adsorption efficiency. TheDOC concentration of the XAD-4 eluate by its volume
lysimeter samples always had concentrations greater(1 L). The mass of the HPON fraction is calculated by
than 20 mg/L, so they were diluted with 0.01 N HC1 tosubtracting the sum of the mass of C in the XAD-8
a concentration of about 15 to 20 mg/L before beingeffluent and the mass of C in the XAD-8 eluate from the
run on the column. One liter of sample was run throughinitial mass of C put on the column. The HPIN fraction
the XAD-8 column, and the effluent was collected in anis calculated by subtracting the sum of the mass of C in
Erleumeyer flask. The XAD-8 effluent was then runthe XAD-4 effluent and the mass of C in the XAD-4
through the XAD-4 column and the XAD-4 effluenteluate from the mass of C run through the XAD-4 col-
was collected in an Erlenmeyer flask. The samplesumn (the XAD-8 effluent). The HPON and HPIN are
were run through both columns at a rote of 4 mL/min,those compounds that adsorb onto the XAD-8 and
After all the sample was run through the columns, eachXAD-4 resins, respectively, but are not dissolved dur-
column was separately back eluted with 100 mL of 0.1ing the back elution with NaOH. The mass of the low
N NaOH at a rate of 2 mL/min. The eluates were col-molecular weight HPIA fraction is the mass of C in the
letted in volumetric flasks and acidified to pH 2 withXAD-4 effluent.
12.1 N HCI. Because the 20-mL columns process only The mass of the operationally defined categories
1 L of sample, not enough organic material is adsorbedfor the 20-mL columns was calculated differently than
on the resins to isolate for analysis by 13C-NMR spec-for the 295-mL columns because the columns were not
troscopy, connected in series. An aliquot of sample, usually 20

The fractionation of the samples onto the XAD-mL, was removed from the 1-L sample before being
8 and XAD-4 resins allows for a calculation of the massrun on the XAD-8 column to measure the DOC con-
of each operationally defined category (fraction), centration of the sample. The sample volume was
expressed as the percent of the original total DOC massbrought back up to 1 L with deionized water before
for a particular sample. Data for each fractionationbeing run on the XAD-8 column. This procedure was
sample collected during the study are listed in table C1.done so that a constant volume was being run through
The percent of the total mass that each fraction repre-the columns. After the sample was run through the
sents was calculated by summing the masses of eachXAD-8 column, an aliquot of the XAD-8 effluent, usu-
fraction for a sample and dividing the mass of eachally 20 mL, was removed so that the DOC concentra-
fraction by the total mass and then multiplying by 100.tion of the XAD-8 effluent could be measured. The

50 Dissolved Organic Carbon Concentrations, Compositions, Trihalomethane Formation Potentials, Sacramento-San doaquin Delta

D--042343
D-042343



Table C1. Lysimeter, piezometer, and drainage ditch sample results for fractionation of dissolved organic carbon, Twitchell Island,
California
[HPOA, hydrophobic acids; HPIA hydrophilic acids; HPON, hydmphobic neutrals; HPIN, hydrophilic neulrals; LMW HPIA, low molecular weight hydro-
philic acids. Values are in percent of the total dissolved organic carbon mass]

Site Date HPOA HPIA HPON HPIN LMW HPIA
Lysimeter I 02/06/96 43 7 6 11 32
Lysimeter 2 02/06/96 39 21 16 0 24
Lysimeter 4 02/07/96 41 23 8 0 28
Piezometer I 02/06/96 51 26 2 0 21
Piezometer 2 02/06/96 51 26 4 0 20

Piezometer 4 02/07/96 54 24 2 0 20
Lysimeter 1 03/11/96 42 23 9 0 27
Lysimeter 2 03111/96 43 25 5 0 27
Lysimeter 4 03/11/96 41 25 0 14 21
Piezometer 1 03/11/96 53 24 4 0 19

Piezometer 2 03/11/96 50 27 4 0 20
Piezometer 4 03/11/96 49 26 7 0 19
Ditch 03/11/96 50 25 4 0 21

Piezometer 1 06/19/96 53 25 2 0 20
Piezometer 2 06/19/96 50 26 5 0 19

Piezometer 4 06/19/96 51 25 5 0 19
Lysimeter 1 07118/96 50 24 3 3 21
Lysimeter 2 07/I 8/96 50 21 8 0 22
Lysimeter 4 07/18/96 50 18 5 2 24
Piezometer 1 07/17/96 53 22 7 0 18

Piezometer 2 07/17/96 56 25 1 0 19
Piezometer 4 07/17/96 55 22 7 0 16
Ditch 07/17/96 53 24 4 0 19

Piezometer 1 09/04/96 55 22 7 0 17
Piezometer 2 09/04/96 55 22 3 1 19

Piezometer 4 09/04/96 58 23 2 0 17

Piezometer 1 11/13/96 58 22 3 0 17

Piezometer 2 I 1/13/96 55 22 4 0 19
Piezometer 4 11/13/96 57 23 3 0 18
Ditch 11/13/96 54 22 5 0 19

Lysimeter 2 01/02/97 49 23 8 1 20
Piezometer 1 01102/97 52 24 6 0 19
Piezometer 2 01/02/97 49 25 6 0 20
Piezometer 4 01/02/97 50 24 6 0 20

Ditch 01/02/97 52 24 4 0 20
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Table ~ Quality-assurance and quality-control data for the 295-mL column fractionation of dissolved organic carbon, Twitchell Island, California
[HPOA, hydropho~ic adds; HPIA hydrophflic acids; HPON, hydmphobic neutrals; HPIN, hydrophilic neutrals; LMW HPIA, low molecular weight hydrophilic acids; Diff, differences between replicat~
analyses (Runs 1 and 2) for each dissolved organic carbon fraction shown. Values are in percent of the total dissolved organic carbon mass]

HPOA HPIA HPON HPIN LMW HPIA
Site Date Run 1 Run 2 Diff Run I Run 2 Diff Run I Run 2 Diff Run I Run 2 Ditf Run I Run 2 Diff

Piezometer 1 02/06/96 51 52 1 26 27 1 2 1 1 0 0 0 21 20 1
Piezometer 2 02/06/96 51 51 0 26 26 0 4 2 2 0 0 0 20 20 0
Piezometer 4 02KI7/96 54 55 1 24 26 2 2 0 2 0 0 0 20 18 2
Piezometer 1 03/11/96 49 53 4 25 24 I 8 4 4 0 0 0 18 19 1
Piezometer 2 03/11/96 50 49 1 27 27 0 4 4 0 0 0 0 20 20 0

Piezometer 4 03/11/96 49 48 1 26 26 0 7 7 0 0 0 0 19 19 0
Ditch 03/11/96 50 47 3 25 25 0 4 15 11 0 0 0 21 14 7 ,
Pump 03/11/96 52 54 2 26 25 1 2 0 2 0 0 0 20 22 2
Piezometer 2 06/19/96 50 48 2 26 25 1 5 7 2 0 0 0 19 20 1
Piezometer 4 06/19/96 51 51 0 25 24 I 5 5 0 0 0 0 19 20 1

Pump 06/19/96 56 53 3 24 23 1 6 8 2 0 0 0 15 16 I
Piezometer 1 07/17/96 55 53 2 22 22 0 1 7 6 0 0 0 22 18 4
Piezometer 2 07117/96 56 55 1 25 23 2 1 3 2 0 0 0 25 23 2
Piezometer 4 07/17/96 55 59 4 22 22 0 7 2 5 0 0 0 16 18 2 ’
Ditch 07/17/96 53 52 1 24 24 0 4 5 1 0 0 0 19 19 0

Pump 07/17/96 63 62 1 21 19 2 0 0 0 0 1 1 16 19 3
Piezometer 1 09/04/96 55 57 2 22 22 0 7 3 4 0 0 0 17 18 1
Piezometer 2 09104/96 58 55 3 23 22 1 0 3 3 0 1 1 19 19 0
Piezometer 4 09~M/96 56 58 2 22 23 1 0 2 2 0 0 0 22 17 5
Piezometer 1 11/13/96 60 58 2 24 22 2 0 3 3 0 0 0 17 17 0

Piezometer 2 11/13/96 55 54 1 22 23 1 4 6 2 0 0 0 19 18 1
Ditch 11/13/96 54 62 8 22 22 0 5 0 0 0 0 0 19 16 0



volume of the effluent was brought back up to 1 L with(calculated by multiplying the volume of the XAD-8
deionized water before being run on the XAD-4 col-effluent collected by its concentration) and XAD-8 elu-
umn. The DOC concentration of both eluates and theate from the mass of C put on the XAD-8 column. The
XAD-4 effluent also was measured. The total mass ofmass of the HPIN fraction was calculated by subtract-
C put on the columns was calculated by multiplying theing the sum of the mass of C in the XAD-4 effluent
DOC concentration of the sample by the sample vol-(calculated by multiplying the volume of the XAD-4
ume (1 L) minus the volume taken for DOC analysis,effluent collected by its concentration) and XAD-4 elu-
The mass of the HPOA fraction was calculated by mul-ate from the mass of C put on the XAD-4 column. The
tiplying the DOC concentration of the XAD-8 eluatemass of C put on the XAD-4 column was the product
by its volume (0.100 L) and the mass of the HPIA frac-of the concentration of the XAD-8 effluent and the vol-
tion was calculated by multiplying the DOC concentra-ume of the XAD-8 effluent collected minus the amount
tion of the XAD-4 eluate by its volume (0.100 L). Thetaken for DOC analysis. The mass of the low molecular
mass of the HPON fraction is calculated by subtractingweight HPIA fraction was the mass of C in the XAD-4
the sum of the mass of C in the XAD-8 effluent effluent.
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Figure I~1. Dissolved organic carbon concentration as a function of volume of sample passed through 295-milliliter XAD
columns for the piezometer 2 (Run 2) sample collected July 17, 1996, Twitchell Island, California.
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APPENDIX D: U.S. GEOLOGICAL SURVEY The Chemistry of Disinfection Byproduct
TRIHALOMETHANE METHODS Formation

Dissolved chlorine, used for disinfection of
Background drinking water, disproportionates to hypochlorous acid

(HOCI) and chlorine. HOC1, in turn, rapidly reacts with
It has been known for more than 20 years thatammonia to form chloramines and with Br to form

dissolved natural organic materials (NOM) form THMhypobromous acid (HOBr). Together, HOCI, HOBr,
and other DBPs on chlorination of drinking watersand chloramines react with inorganic and organic tom-
(Rook, 1974; 1977). The formation of DBP during
treamaent is problematic because of the carcinogenicpounds present in the treated waters. In particular, they

properties of these compounds (Rook, 1974). However,react with NOM to form THM and other DBP.

tittle is known about the natural processes that form The reactions that form THM are additions and
and(or) concentrate the chemical precursors to DBP.substitutions to chemical structures commonly found

The chemical structure of NOM and associatedin NOM, generally additions to olefins and substitu-
DBP precursors vary with many environmental andtions in aliphatic and aromatic compounds. The abun-
chemical parameters, including the source of the dance of these chemical structures determines the
organic material, age of the organic material, diage-speed and extent to which THM forms on treatment, as
netic history, soil type, season, molecular size, pH ofwell as they carry information about the source and
the source waters, and so forth. Examination of the for-diagenetic history of the NOM (Reckhow and
marion of DBP in waters collected over an annual cycleEdzwald, 1989).
from different towpaths in the Twitchell Island study

Thus, intrinsic, source-related properties of the
site should provide insights into the sources and pro-

reactive chemical structures in NOM determine thecesses that lead to elevated NOM concentrations and
amount of THM formed during chlorination. Severalelevated DBP formation in these waters.
studies have been undertaken with model compounds

The primary sources of NOM in Twitchell Island
to provide insights into the reactivity of structurespore waters are organic material in the peat soils or

degrading above- and below-ground crop biomass,within NOM (Rook, 1976; 1977). Aromatic structures,
Secondary heterotrophic productivity may alter thesuch as substituted benzenes, and other electron-rich
chemical composition of the organic material and thusstructures, such as ketones, generally are reactive, but
either concentrate or degrade DBP precursors. Somereactivity estimates for a variety of olefinic structures
NOM (only 2 mg/L as DOC) is present in water were unavailable. Reactions generally can be grouped
siphoned onto the island, but represents only a smallinto the aromatic type and ketone type for the purpose
fraction of NOM present in the samples analyzed asof understanding the activity of NOM structures.
part of this study. In addition to the intrinsic chemical structure of

Given the sources, NOM can arise from threethe NOM, the speed and extent of formation of THM
distinct soil zones: the upper oxidized zone, the lowerduring chlorination depend on a number of physical
reducing zone, and the zone periodically exposed toand chemical parameters. The chlorine dose, the dura-
oxidizing and reducing conditions during water-table

don of the reaction, the presence of bromide andfluctuations. The extent of each of these zones can vary
seasonally, depending on irrigation practice, inten-ammonium, the NOM concentration, and the tempera-

tional winter flooding, and seasonal rainfall, ture and pH at which the reaction is conducted contrib-

As discussed in the body of this report, samplesute to the amount of THM formed. Therefore,

were collected from two soil zones for determination ofcontrolling these parameters when comparing differ-
THMFP and pertinent physical and chemical parame-ences in THMFP among samples and making sure all
ters. Ancillary physical and chemical parameters aresamples were analyzed using comparable tests are
reported in appendix A. important.
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Methods Employed by the U.S. Geological Survey persulfate oxidation on a Occanics International model
Laboratory for Trihalomethane Formation 700 TOC analyzer.
Potential Analysis The THMFPrb for each sample was determined

using a modified version of method 5710 B described
Several tests for the capacity of natural waters toin Eaton (1995). Briefly, samples were buffered to pH

form DBP are currently in use (Reckhow and Edzwald,8.4 with a freshly prepared NaH2PO4e2H20/Na2HPO4
1989). The results obtained using these tests are highlybuffer solution, and the pH corrected to 7 using 0.5 M
dependent on the method used, so care should be takenHC1 or 0.5 M NaOH. Samples were then transferred
in comparing data using different analytical methodol-into a 72-mL serum vial and sealed using a Teflon-
ogles. Two different tests were conducted as part of thisfaced septa without leaving a headspace (to prevent
study to determine the THMFP of the tested waters,volatilization of THM). The chlorination solution was
The majority of the data was generated using the dose-injected by syringe through the septum, allowing the
based test (THMFPdb), in which a fixed amount ofdisplaced volume to exit through a second syringe. The
chlorine is added to the sample (California Departmentbottles were then incubated for 7 days at 20°C in a con-
of Water Resources, 1994b). Data of this type were col-trolled-temperature recirculating bath.
letted throughout the study and were used to generate The chlorination reaction was terminated by
the seasonal comparisons. The second type of test waspouring 30 mL of the sample into a 40-mL screw-top
the reactivity-based test (THMFPrb), in which the ohio-vial fitted with a Teflon-faced septa, followed by 2 mL
fine demand is calculated to determine chlorine dose.of sodium sulfite solution (1.5 M). Chlorine residualFor an accounting of which THMFP method was

was determined on the remaining sample using HACH
applied to which samples and how the results of differ-procedure 8167 (HACH, 1992).
ent methods compare, see the Trihalomethane Forma-
tion Potential section. The THMFP tests used here are Samples were extracted from the aqueous phase

significantly different from the commonly used simu-by first adding sodium chloride (8 g) to reduce solubil-

lated distribution system (SDS) test. ity of ether and to increase partitioning of THM into the

Whole-water samples were kept refrigerated organic phase, vigorously shaking the vial for 20 see-

until analyzed and were analyzed within 1 week of col-onds, then adding 3 mL of methyl tert butyl ether and

lection. The freeze-dried eluates were prepared for theshaking for 2 minutes. After allowing 10 minutes for

THMFP test by dissolving 5 mg of material in 0.5 L ofseparation of the organic and aqueous layers, 1.5 mL of
the organic layer was removed to an autosampler viala 0.001N NaHCO3 solution. Aliquots of the sample

were taken for DOC and UVA measurements. The restusing a Pasteur pipet and then immediately sealing the
vial.of the sample was then treated in exactly the same man-

ner as the whole-water samples. Quantification of THM was accomplished using
To determine the chlorine demand of each sam-a Hewlett Packard 5890 II gas chromatograph fitted

pie, prior to chlorination, the DOC and ammonia con-with an auto injector, a capillary split-splitless inlet,
eentrations were determined for all samples. All and a Nickle63 electron capture detector. Baseline chro-
samples were chlorinated with a dose based on thematographic separation was obtained using a DB-1
inorganic and organic demand according to the follow-fused silica capillary chromatography column
ing formula, based on the method of Krasner and Scli-(30 M x 0.25 mm i.d.). The column oven was pro-
menti (1993): grammed to hold an initial temperature of 40°C for 4

[C12] = (3x[DOC]) + (7.6 x INH3]) minutes, increased to a final temperature of 100°C at a
Ammonia concentrations were determined usingrate of 15°C/min, and held for 3 minutes.

a HACH kit according to the method 8038 of the THMs were identified by comparing the peak
HACH Water Analysis Book (HACH, 1992). The pro-retention time to that of authentic standards. THMs

: cedure employs direct nesslerization of whole-waterwere quantified by comparing the peak area of sample
samples, reacting 25 mL of each sample with Nessleranalyses to the areas resulting from the injection of cal-
reagent for 1 minute, then measurement of solutionibration standards of known concentration. TH!VlFP
color against a blank on a spectrophotometer at 425data obtained using this method for samples from this
nm. DOC measurements were made in duplicate bystudy are presented in table D1.
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Table D1. Results of speciation of trihalomethane formation potential and associated parameters for Iysimeter, piezometer, drainage ditch, and pump samples, Twitchell Island,
California
[CHCI3, chloroform; CHC12Br, bmmodichloromethane; CHBr2C1, chlorodibromomethane; CHBr3, bromoform; DOC, dissolved organic cation; THMFP, trihalomethane formation potentitd; SUVA, spe-
cific ultraviolet absorbance; nd, not detected. Values in micrograms per liter, except DO(2, which is in milligran= per liter, THMFP/DOC, which is in micrograms pt~r milligram, and SUVA, which is in l~r
c~ntim~t~r units]

Site Date CHCl3 CHCI=Br CHBr2Cl CHBra DOC THMFP THMFP/DOC SUVA
Lysimeter 1 10/23/96 5108.6 690.5 68.8 nd 121.3 5,867.9 48.4 0.003
Lysimeter 2 10/23/96 2176 401.8 47.7 7.4 41.7 2,632.9 63.1 .051
Piezometer 1 10/23/96 3836.1 486.4 51.1 nd 87.0 4,373.6 50.3 .052
Piezometer 2 10/23/96 2464.5 377.9 48.3 nd 51.8 2,890.7 55.8 .062
Piez~meter 4 10/23/96 2219.4 381.4 49.8 nd 45.4 2,650.6 58.4 .0t57

Ditch 10/23/96 698 254.5 86 7.2 14.9 1,005.7 70.2 .107
Pump 10/23/96 201.6 121.4 67.1 10.8 5.7 400.9 70.3 .059
Lysimeter 1 11/13/96 4427.3 749.4 96.7 nd 128.3 5,273.4 41.1 .047
Lysimeter 2 11113/96 3113.9 628.3 112.9 13.3 80.6 3,868.4 48.0 .002
Piezometer 1 11/13/96 2924.9 491.5 78 nd 78.1 3,494.4 44.7 .007

Piezometer 2 11/13/96 2683.8 389.5 43.8 nd 71.9 3,117.1 43.4 .059
Piezometer 4 11/t3/96 2820.9 421.9 56.9 9.5 69.2 3,309.2 47.8 .055
Ditch 11/13/96 438.4 281.2 t81 37.8 17.0 938.4 55.2 .054
Pump 11/13/96 98.5 84.7 56.6 10.1 5.8 249.9 43.1 .054
Lysimeter 1 12/11/96 2686.4 542.6 117.9 10.6 66.8 3,357.5 50.3 .001

Lysimeter 2 12/11/96 22.1 0 0 .044
Lysimeter 4 12/11/96 1910.7 330.9 52.9 3.1 50.4 2,297.6 45.6 .042
Piezometer 1 12/11/96 3264.1 481.5 71.1 nd 82.8 3,816.7 46.1 .056
Piezometer 2 12/11/96 2509.4 411.1 71.1 nd 69.5 2,991.6 43.0 .067
Piezometer 4 12/11/96 3323.8 554.8 84.2 nd 78.2 3,962.8 50.7 .058

Lysimeter 2 01/02/97 1058.6 241.8 54.1 4.7 21.4 1,359.2 63.5 .116
Piezometer 1 01/02/97 3187.3 443.3 55.1 nd 81.6 3,685.7 45.2 .046
Piczometer 2 01/02/97 2014. I 237.4 27.3 nd 76.3 2,278.8 29.9 .046
Piezometer 4 01/02/97 1991. l 295.9 42.6 nd 77.6 2,329.6 30.0 .001
Ditch 01/02/97 1367.2 151.3 12.2 nd 33.0 1,530.7 46.4 0.036



Table D1. Results of speciation of trihalomethane formation potential and associated parameters for lysimeter, piezometer, drainage ditch, and pump samples, Twitchell Island,
California--Continued

Site Date CHCI3 CHCI2Br CHBr=Cl CHBr3 DOC THMFP THMFP/DOC SUVA
Pump 01/02/97 1816.2 257.8 22.5 nd 41.6 2,096.5 50.4 0.043
Pl XAD8 Eluate Jul-96 193.0 3.5 nd 0.5 4.4 197.0 44.8 .058
P1 XAD4 Eluate Jul-96 128.0 4.1 0.1 nd 3.1 132.2 42.6 .038

P4 XAD8 Eluate Jul-96 166.5 2.8 nd nd 3.9 169.3 43.4 .053
P4 XAD4 Eluate Jul-96 140.8 3.2 nd nd 4.0 144.0 36.0 .040
Ditch XAD8 Eluate Jul-96 181.9 3.3 nd nd 4.1 185.2 45.2 .060
Ditch XAIM Eluate Jul-96 154.3 4.4 .1 nd 3.6 158.8 44.1 .049
P1 XAD8 Eluate 11113/96 239.0 3.8 .2 nd 4.9 243.0 49.6 .053

P1 XAD4 Eluate 11/13/96 203.7 3.9 .2 nd 4.6 207.8 45.2 .041
P2 XAD8 Eluate 11/13/96 215 2.8 .1 nd 4.6 217.9 47.4 .054
P2 XAD8 Eluat~ 11113/96 227 3.4 .2 nd 4.6 230.6 50.1 .054
P2 XAIM Eluate 11/13/96 208.6 4.0 .2 nd 5.1 212.8 41.7 .045
Ditch XAD8 Eluate 11/13/96 200.4 3.1 .2 nd 3.8 203.7 53.6 .050

Ditch XAIM Eluate 11/13/96 226.3 4.0 .2 nd 5.1 230.5 45.2 .037
L2 XAD8 Eluate Jan-97 171.3 5.7 .3 1.1 4.4 178.4 40.5 .043
L2 XAD4 Eluate Jan-97 154.3 7.5 .3 .9 4.4 163.0 37.0 .043

P1 XAD8 Eluate Jan-97 160.8 2.3 nd nd 4.3 163.1 37.9 .059
PI XAD4 Eltmte Jan-97 172.2 4.4 .2 1.0 4.5 177.8 39.5 .040

P2 XAD8 Eluate Jan-97 168.5 2.7 nd nd 4.5 171.2 38.0 .050
P2 XAD4 Eluate Jan-97 167.3 3.8 nd nd 4.5 171.1 38.0 .038
Ditch XAD8 Eluate Jan-97 203.8 6.3 .1 nd 4.8 210.2 43.8 .047
Ditch XAD4 Eluate Jan-97 172.5 8.1 .2 nd 4.3 180.8 42.0 .034



APPENDIX E: CARBON-13 NUCLEAR MAGNETIC tively large amount of sample. Two samples were ana-
RESONANCE ANALYSES lyzed by liquid state NMR. A larger set of samples was

also analyzed by cross-polarization (CP) magic angle
spinning (MAS) 13C-NMR analysis, which provides

Introduction qualitative data that allow comparison between sam-
ples. This method has the advantages of short analysis

The study of the nature, reactivity, and environ-times and small amounts of sample. Unfortunately,
mental significance of organic matter in aquatic sys-there are problems inherent to this technique that inter-
terns is hampered by the inherent chemical complexityfere with the acquisition of quantitative spectra (Cook
of the organic matter. Fractionation of DOC on XADand others, 1996).
resins results in fractions of the DOC that are them- In all cases, the 13C-NMR spectra are comprised
selves complicated, heterogeneous mixtures. Typically,of six major bands. The general assignments for these
the complicated mixtures obtained from the fraction-major bands are as follows:
ation of DOC into compound classes are characterized 1. Aliphatic I (0-60 ppm)---primarily sp3 hybrid-
by elemental, molecular weight, acid-base titration and ized carbons bonded to other carbons; car-
amino acid analyses, and by 13C-NMR, 1H-NMR, and bons bonded to nitrogen and sulfur also can
IR spectroscopy. The fact that the fractions are com- occur in this region. Methoxyl carbons occur
plex, heterogeneous mixtures limits the amount of in the approximate range from 54 to 60 ppm;
information that can be obtained about the composition2. Aliphatic II (60-90 ppm)---hetero-aliphatic car-
of the mixture using each of the above methods, but bons, primarily sp3 hybridized carbons
these techniques do provide valuable structural and bonded to oxygens, including ether, alcohol,
functional group information that, taken as a whole, and carbohydrate carbons;
can be used to establish the nature and source of 3. Acetal (90-110 ppm)--acetal and ketal carbons
organic isolates, and anomeric carbons of carbohydrates;

Selected samples collected during this study 4. Aromatic (110-160 ppm)---primarily aromatic
were analyzed by 13C-NMR to learn more about the and olefinic carbons;
differences in chemical composition between different5. Carboxyl (160-190 ppm)---carboxylic acid car-
sampling locations and to relate the reactivity of these bons. Ester, amide, and lactone carbons also
isolates to their chemical composition. 13C-NM~ is an can overlap with the carboxyl carbons; and
important technique for obtaining structural informa- 6. Ketone (190-230 ppm)---primadly ketones and
tion on complicated mixtures of organic compounds, aldehydes.
such as humic substances and coal. In recent years, useIn general, the broad-banded nature of the spec-
of this technique to study humic substances has tra presented in this report indicates that the samples
increased dramatically, and a number of review articlesare complex organic mixtures.
describing the technique and its application to environ-
mental studies have been published (Wershaw, 1985;
Wershaw and Mikita, 1987; Preston, 1987; SteelinkResults
and others, 1990; Cook and others, 1996).

Two different 13C-NMR techniques were Quantitative 13C-NMR spectra for the HPOA
applied in this study. Quantitative spectra were fractions collected from the drainage ditch (March
obtained on two samples using liquid state 13C-NMR.1996) and Piezometer 3 (March 1996) are presented in
This technique is time consuming and requires a rela-figures E1 and E2. In general, these spectra are very
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similar. As discussed in the Description of Study SiteEl. Compared to similar samples from other environ-
and Study Design section of the report, there appearedments (fig. E3), the samples from Twitchell Island are
to be a connection between the drainage ditch and sitemore aromatic and contain fewer aliphatic-II and ano-
3, and this similarity further confirms this hypothesis,merle carbon atoms associated with carbohydrates. The
The most prominent peak in each spectrum is the car-differences associated with these samples are due, in
boxyl peak, which indicates that these fractions of thelarge part, to differences in sources of dissolved
DOC are organic acids. Each sample also has a largeorganic matter in each environment. Based on a large
response in the aromatic carbon, which indicates thatdata set, the Lake Fryxell and Suwannee HPOA sam-
the samples are highly aromatic in nature. Integratingpies represent extremes with regard to aromatic carbon
the spectra provides the percent distribution of carboncontent. The Lake Fryxell sample represents organic
types in the samples. These data are presented in tablematter derived from algae and bacteria, whereas the

0 250 200 150 100 50 0 -50
CHEMICAL SHIFT, IN PARTS PER MILLION

Figure El. Carbon-13 nuclear magnetic resonance spectra for the hydrophobic acid fraction from the drainage
ditch sample collected March 1996, Twitchell Island, California.
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Suwannee sample is derived largely from lignin- because of the enhanced reactivity of aromatic mole-
containing plants. The Twitchell Island samples arecules with chlorine leading to the formation of DBP.
more aromatic than even the Suwannee sample. The Intercomparison between the samples collected
large amount of aromatic carbon associated with theon Twitchell Island can be done by comparing data
Twitchell Island samples is of significance in this studyobtained from CPMAS 13C-NMR analyses. Although

0 250     200     150     100 50 0 -50

CHEMICAL SHIFT, IN PARTS PER MILLION

Figure F.Z. Carbon-13 nuclear magnetic resonance spectra for the hydrophobic acid fraction from piezometer 3 sample
collected March 1996, Twitchell Island, California.

Table El. Relative peak areas for carbon moieties in natural abundance, quantitative, liquid state carbon-13 nuclear magnetic resonance
spectra for hydrophobic acid fractions from piezometer 3 and the drainage ditch sampling sites, Twitchell Island, California
[Values are in percent; ppm, parts per million]

Aliphatic-I Aliphatic-II Anomeric Aromatic Carboxyl Ketone carbonSample Date carbon carbon carbon carbon carbon
(190-230 ppm)(0-60 ppm) (60-90 ppm) (90-110 ppm) (110-160 ppm) (160-190 ppm)

Piezometer 3 03/11/96 29. l 5.9 0.8 28.1 28.1 8.1
Ditch 03/11/96 28.7 5.3 0 28.4 28.3 9.4
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these data are not quantitative, qualitative differencespercent relative to the data discussed above for the
between the samples can be identified. Representativequantitative liquid state measurements. These differ-
spectra are presented in figures E4 and E5, whereasences in the spectra result from problems inherent in
integration data are presented in table E2. Note that thethe CPMAS technique that.are beyond the scope of this
ketone region (190-230 ppm) has not been included inreport. Interested readers are referred to the paper by
this table because of the presence of spinning sideCook and others (1996) for a more detailed discussion
bands in this part of the CPMAS spectrum. In addition,of the difficulties in obtaining quantitative information
the integration values in the aliphatic region of theby CPMAS 13C-NMR. This technique is useful,
CPMAS spectra are a much greater percent, whereashowever, for an intercomparison of samples from the
the aromatic and carboxyl regions are a much lowersame location.
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Rgure ~. Comparison of quan~tative carbon-13 nuclear ma~ne~c resonance integra~on data for hydrophobic acid
fraction da~ ~om samples from Twitchell Island, California; ~e Suwannee River, Georgia; and Lake F~ell, A~arctica.
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Differences between the HPOA and HPIA frac-sample, the HPIA fractions have greater carboxyl,
tions are evident from a comparison of the spectraaliphatic-II, and aliphatic-I carbon contents and are less
obtained for samples from piezometer 4 (figs. E4 andaromatic than the corresponding HPOA fractions.
E5). The HPOA fraction has a more prominent peak inThese differences are apparent in the bar graph corn-
the aromatic carbon region (110-160 ppm) and a lessparison of the NMR data presented for piezometer 4 in
prominent peak in the aliphatic-II region (60-90 ppm).figure E6. From the 13C-NMR data, the major strut-
The integration data in table E2 indicate that, for eachtural differences between the two fractions are that the

1    1    1 1
0     250    200     150    100 50 0     -50    -100
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Figure E4. Carbon-13 nuclear magnetic resonance spectra for the hydrophobic acid fraction from piezometer 4 sample
collected July 17, 1996, Twitchell Island, California.
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HPIA fraction is less aromatic than the fulvic acid and A comparison of the differences between differ-
has a greater amount of carboxyl and heteroaliphaticent sites for a given sampling date (figs. E7 and E8)
carbon. On the basis of the greater aromatic carbonshows that there are few differences in the composition
content of the HPOA fractions, this fraction of theof either the HPOA or HPIA fractions. The similarities
DOC is expected to be more of a factor with regard toin composition for the isolates from the piezometer
the generation of DBP. samples reflect similarities in the source materials, for

0          250         200          150         100          50            0            -50       -100
CHEMICAL SHIFT, IN PARTS PER MILLION

Figure I~. Representative carbon-13 nuclear magnetic resonance spectra for the hydrophilic acid fraction from
piezometer 4 sample collected July 17,1996, Twitchell Island, Califomia.
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Table EZ. Relative peak areas for carbon moieties in natural abundance cross polarization magic angle spinning carbon-13 nuclear
magnetic resonance for hydrophobic acid and hydrophilic acid fractions from selected surface and soil waters on Twitchell Island,
California
[Values ar~ in percent, ppm, parts per million]

Allphatic4       Aliphatic-ll       Anomedc        Aromatic        Carboxyl
Sample Date carbon carbon carbon carbon carbon

(0-60 ppm) (60.90 ppm) (90-110 ppm) 010-160 ppm) (160-190 ppm)
Hydrophoblc acid fractions

Piezometer 4 03/11/96 36.4 17.2 8.1 22.2 i6.2
Ditch 03/11/96 36.6 16.8 6.9 23.8 15.8

Piezometer 1 07/17/96 37.8 16.2 6.3 23.4 16.2
Piczometer 2 07/17/96 37.8 16.2 6.3 23.4 16.2
Piezometer 4 07/17/96 38.2 16.4 6.4 21.8 17.3
Ditch 07/18/96 44.1 18 6.3 18.9 12.6
Pump 07/17/96 36.9 16.2 6.3 25.2 15.3

Piezometer I 09/04/96 32.4 18 5.4 27 17.1
Piezometer 2 09104/96 36.6 16.1 7.1 24.1 16.1
Piezometer 4 09/04496 37.2 18.6 7.1 23 14.2

Piezometer I 11/13/96 42.3 17.1 6.3 19.8 14.4
Piezometer 2 11/13/96 40.5 17.7 5.4 22.5 14.4
Ditch I 1/13/96 44.1 15.3 6.3 20.7 13.5

Lysimeter 2 01/02/97 40.9 18.2 6.4 19.1 15.4
Piezometer 1 01/02/97 39.6 18 6.3 20.7 15.3
Piezometer 2 01/02/97 40 18.2 7.3 19.1 15.4
Ditch 01/03/97 43.8 18.8 6.2 18.8 12.5

Hydrophilic acid fractions
Piezometer 4 03/11/96 40.2 22.3 7.1 13.4 17
Ditch 03/1 1/96 40.7 23 7.1 13,3 15.9

Piezometer 2 07/17/96 40 20 6.4 14.5 19.1
Piezometer 4 07/17/96 36.8 21 6.1 15.8 20.2
Ditch 07/17/96 40.4 19.3 6 14.6 19.3
Pump 07/17/96 42 23.2 6.2 14.3 14.3

Piezometer 2 09/04/96 35.6 19.1 6.1 19.1 20
Piezometer 4 09/04/96 37.5 20.4 7.1 16.1 18.8

Piezometer 1 11/13/96 46.4 21.4 6.2 12.5 13.4
Piezometer 2 11/13/96 40.2 20.5 6.2 16.1 17
Ditch 11/13/96 47.8 21.7 6.1 10.4 13.9

Lysimeter 2 01/02/97 49.5 23.4 5.4 8.1 13.5
Piezometer 1 01/02/97 44.6 23.2 6.2 10.7 15.2
Piezometer 2 01/02/97 42.4 21.2 6.2 13.3 16.8
Ditch 01/03/97 41.6 26.5 6.2 11.5 14.2
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example, the peat soils, and in the processes leading tothe drainage ditch and at the pump location to those
the generation of DOC from these soils. These similar-samples obtained from the piezometers confirms one of
ities suggest that dissolved organic matter of similarthe original hypotheses of this study, that the nature of
composition and reactivity would be obtained fromthe soil organic matter exerts a strong influence on the
other fields that have similar soils and land use. Thechemical composition and reactivity of the organic
compositional similarity of the samples eollected frommatter transported off the island.
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Figure E6. Comparison of carbon-13 nuclear magnetic resonance data for hydrophobic and hydrophilic acid
fractions from piezometer 4 sample collected July 17,1996, Twitchell Island, California.
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Finally, samples of the peat soils also were char-fractions from the lysimeters and the piezometers. The
acterized by CPMAS 13C-NMR (fig. E9). In general,soil samples also contained significantly less carboxyl
the soil samples were observed to be more aliphatic andcontent than the dissolved HPOA fractions. These
to contain greater amounts of carbohydrates, as evi-results suggest that the aromatic organic acids are
denced by the aliphatic-II peak compared to the HPOAremoved from the peat at a faster rate than other
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Figure E?. Comparison of carbon-13 nuclear magnetic resonance data for hydrophobic acid fraction from piezometers 1,
2, and 4, drainage ditch, and pump samples collected July 17,1~96, Twitchell Island, California.
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components of the peat and that the aliphatic andexposed to oxygen and are classified as oxidized. The
carbohydrate (probably cellulose) rich fractions of thepiezometers, on the other hand, were below the water
peat organic matter are selectively preserved, table at a depth of 54 to 72 in. in a reduced zone with

It is interesting to compare the spectra for soillittle oxygen. Exposure of the peat soils to oxygen
samples collected from depths in the soil profile thatresults in accelerated rates of peat oxidation, a mecha-
have different redox conditions. The lysimeters were 6nism that is largely responsible for the subsidence of
to 18 in. below the surface. At this depth, the soils aresoils on the peat islands as a result of wetland drainage

Figure ES. Comparison of carbon-13 nuclear magnetic resonance data for hydrophilic acid fraction from
piezometers 2 and 4, drainage ditch, and pump samples collected July 17,1996, Twitchell Island, California.
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and subsequent cultivation. CPMAS 13C-NMR spectraThe lysimeter samples are less aromatic and have less
for soil samples collected near lysimeters 2 and 4 arealiphatic II carbon associated with carbohydrates than
compared with those from piezometers 2 and 4 inthe piezometer samples. The shallow samples also are
figures E9 and El0. As expected, the shallow samplesenriched in carboxyl content and aliphatic I carbon.
are similar to each other, as are the deeper samples.These results are consistent with greater degradation
Differences between the shallow and deep soils can berates for the aromatic, and to a lesser extent, carbohy-
attributed to enhanced degradation of the shallow soils,drate moieties in the oxidized soils compared to the
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Figure Eg. Comparison of carbon-13 nuclear magnetic resonance data for soil samples taken near lysimeters 2
and 4 and piezometers 2 and 4, Twitchell Island, California.
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Figure El0. Carbon-13 nuclear magnetic resonance spectra for soil samples taken near piezometer 2 and
lysimeter 2, Twitchell Island, California.
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reduced soils. Carboxyl groups are a product of micro-affect subsidence compared to nonwetland land uses
bial oxidation and also are consistent with a greater(for example, drained pastures, agriculture). As part of
degree of oxidation of the shallow soils, this study, three test ponds also were monitored for

More detailed examination of the aromatic potential effects of the wetlands on water quality, in
region of the NMR spectra for the soils indicates thatparticular DOC and THM precursor release.
the region of the spectra associated with aromatic phe-
nols (140-160 ppm), such as tannins and lignin phe- Two of the three wetland-habitat test ponds con-

nols, is depleted at a faster rate than the aromaticsisted of 30-ft square enclosures, and the third test pond
moieties that do not have hydroxyls associated withwas a small (about 100 ft2) spring-fed pond (TwitPiz5)
them (110-140 ppm). Associated with the loss of in a subsidence mitigation test area being maintained
aromatic phenols is the loss at about 57 ppm of what isby DWR. One of the enclosed test ponds is flooded
likely to be methoxy ethers. A model for degradationcontinuously (TwitPiz6) with about 1 to 1.5 ft of water
that would account for this difference involves the

maintained above land surface. This flooded pond hasoxidation of aromatic phenols with the subsequent
opening of the aromatic ring, resulting in lower aro-been in operation for about 4 years, and results have

matic carbon and increased carboxyl and aliphatic car-indicated that shallow flooding decreases subsidence
bon content, rates by a factor of about four and also encourages the

growth of cattails that contribute biomass back to the
system. The second enclosed pond is a reverse-flooding

APPENDIX F: PRELIMINARY DATA FOR treatment pond (TwitPiz7) that is intentionally flooded
WETLAND-HABITAT PONDS to a depth of about 1 ft above land surface from early

In addition to the primary study of DOC and spring until mid-July. Winter precipitation kept this

THM precursors released from peat soils under agricul-pond moist to very wet (for example, standing water)

tural production, soil water from three wetland-habitatduring the later part of December 1996 and through
test ponds were sampled by the USGS and samplesFebruary 1997.
were analyzed by the DWR Bryte Laboratory for the Stainless-steel piezometers were installed in
same parameters discussed in appendix A. The testeach test pond to sample water from 0.5 to 1.5 ft below
ponds were designed to evaluate the effects of differentland surface. In August 1996, surface water in the
wetland habitats on land subsidence in the Delta.
Microbial oxidation of peat soil is the primary cause ofponds also was analyzed. Samples were collected from

currently observed land subsidence in the Delta the open-water and continuously flooded ponds for the
(Deverel and others, 1998). Implementation of wetlandSeptember and November 1996 samplings. Results of
habitats is being tested to evaluate how these treatmentsthese analyses are presented in tables F1 through F4.
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Table F1. Field parameters measured for samples from piezometers and surface-water samples, Twitchell Island, Califomia
[ixS/cm, ndcrosiemens per centimeter; °C, degrees Celsius; rag/L, milligrams per liter;, ha, not analyzed; "IXvitPiz, piezometer; TwitSur, surface water. Sam-
pies are from the California Depamnent of Water Resources]

Specific OH, Temperature, Dissolved
Site Date Time conductance water, field water oxygen

(pS/cm) (standard units) (°C) (rag/L)
TwitPiz6 03/21/96 I 1:05 am 4,700 6.4 20.3 na
TwitPiz7 03/21/96 12:45 pm 4,660 6.6 27.5 na
TwitPiz5 04/11/96 11:00 am 4,670 6.2 17.7 na
TwitPiz6 04111/96 11:45 am 6,630 6.3 15.0 na
TwitPiz7 04/11/96 12:35 pm 9,900 6.5 17.5 na

TwitPiz5 05/28/96 11:25 am 4,24 6.0 21.6 na
TwitPiz6 05/28/96 11:55 am 1,165 6.4 21.3 na
TwitPiz7 05/28/96 11:55 am 1,470 6.5 19.9 na
TwitPiz5 06/2006 11:25 am 409 6.0 21.0 na
TwitPiz6 06/20/96 12:25 pm 974 6.3 21.7 na

TwitPiz7 06/20/96 12:04 pra 1,781 6.4 20.2 na
TwitPiz5 07/17/96 10:11 am 522 5.6 21.7 na
TwitPiz5 07/17/96 10:11 am 522 5.6 21.7 na
TwitPiz6 07/17/96 10:18 am 1,001 6.1 21.7 na

TwitPiz6 07117/96 10:18 am 1,001 6.1 21.7 na

TwitPiz7 07/17/96 10:21 am 1,913 6.3 21.3 na
TwitPiz7 07/17/96 10:21 am 1,913 6.3 21.3 na
TwitPiz5 08/16D6 10:11 am 522 5.8 21.7 na
TwitPiz6 08/16/96 10:18 am 1,001 6.1 21.7 na
TwitPiz7 08/16/96 10:21 am 1,913 6.3 21.3 na

TwitPiz5 09/04/96 10:13 am 563 6.87 22.1 na
TwitPiz6 09/04D6 10:20 am 1,112 6.39 20.6 na
TwitPiz5 10/23/96 10:20 am 830 6.47 15.7 na
TwitPiz5 10/23/96 10:20 am 550 5.94 16.7 na
TwitPiz6 10/23/96 10:32 am 489 6,07 14.4 na

TwitPiz5 11/13D6 10:50 am 615 5.93 15.6 na
TwitPiz6 11/13D6 10:25 am 1,302 6.00 12.5 na
TwitPiz5 01102/97 na na na na na
TwitPiz6 01/02/97 na na na na na

TwitPiz6 01/02/97 na na na na na

TwitPiz7 01/02/97 na na na na na
TwitSur5 09104/96 10:15 am 933 6.94 20.3 na
TwitSur6 09/04/96 10:20 am 293 6.63 16.5 na

TwitSur5 11/13/96 10:53 am 824 6.40 13.6 na

TwitSur6 11/13/96 10:44 am 557 6.33 12.1 na

TwitSur6 01/02/97 na na na na na
TwitSur7 01/02/97 na na na na na
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Table FZ Results for speciation of trihalomethane formation potential and associated parameters for piezometer and surface-water samples collected at piezometer locations,
Twitchell Island, California
[CHCI3, chloroform; CHCI2Br, bromodichlororaethane; CHBr2CI, chlorodibromomethane; CHBr3, bromoform; TwitPiz, piezometer; TwitSur, surface water, ha, not analyzed; <, less than. Values in
micrograms per liter, except ultraviolet absorbance, which is in per centimeter units. Trihalomethane formation potential determined using dose-based method, unless othe~vise noted in Method colunm.
Samples from the California Department of Water Resources]

Trihalo-Dis- Ultra-methane Halo- Halo- Halo- Halo- Halo- Halo-
¯ olved            violetforma-          acetic acetic acetic acetic acetic acetic     MethodSite         Date     CHCla CHCI2Br CHBr2Cl CHBra organic          absor.

tion            acid 1 acid 2 acid 3 acid 4 acid 5 acid 6carbon          bancepotential
TwitPiz6 03t21/96 1,500 190 20 20 10.4 1,730 0.759 na na na na na na

TwitPiz7 03/21/96 4,900 300 60 60 39.3 5,320 2.540 na na na na na na

TwitPiz5 04111/96 1,400 200 20 20 10.1 1,640 .769 na na na na na na

TwitPiz6 04/11/96 3,600 420 50 50 27.9 4,120 1.960 na na na na na na

TwitPiz7 04/I 1/96 9,800 680 90 90 85.4 10,660 4.240 na na na na na na

TwitPiz5 05/28/96 1,200 180 20 20 10.6 1,420 .814 na na na rm na na

TwitPiz6 05/28/96 7,100 610 120 120 77.3 7,950 5.730 na na na na na na
TwitPiz7 05/28/96 15,100 2,800 410 250 171.4 18,560 12.300 na na na na na na
TwitPiz5 06/20/96 1,400 220 29 20 11.7 1,669 .857 na na na na na na
TwitPiz6 06/20/96 6,500 620 100 100 67.0 7,320 5.040 na na na na na na

TwitPiz7 06/20/96 21,100 2,700 330 300 207.9 24,430 13.340 na na na na na na

TwitPiz5 07117/96 1,100 240 44 0 8.3 1,384 .686 na na na na na na

TwitPiz6 07/17/96 6,800 630 0 0 59.1 7,430 4.860 na na na na na na

TwitPiz7 07/17/96 18,200 2,000 0 0 155.6 20,200 15.700 na na na na na na
TwitPiz5 08116/96 1,100 250 48 0 9.0 1,398 .718 na na na na na na

TwitPiz6 08116/96 11,900 800 0 0 99.8 12,700 7.890 na na na na na na

TwitPiz7 08/16/96 1,900 2,400 290 0 172.0 22,590 11.720 na na na na na na

TwitPiz5 09/04/96 970 270 66 <20 8.4 1,306 .629 na na na na na na

TwitPiz6 09/04/96 9,300 510 <80 <80 94.5 9,810 na na na na na na na

TwitPiz5 10/23/96 560 270 96 <10 6.8 926 .556 na na na na na na Reactivity-based



Table 12. Results for speciation of trihalomethane formation potential and associated parameters for piezometer and surface-water samples collected at piezometer locations,
Twitchell Island, California--Continued

Trihalo-Dis- Ultra-methane Halo- Halo.- Halo- Halo- Halo- Halo-solved violet
Site Date CHCI3 CHCI2Br CHBr=CI CHBra organic forma- absor- acetic acetic acetic acetic acetic acetic Method

tlon acid I acid 2 acid 3 acid 4 acid 5 acid 6carbon          bancepotential
TwitPiz5 11113/96 490 230 94 <10 5.8 814 0.433 na na na na na na

TwitPiz5 11/13/96 320 200 99 <10 5.8 619 .433 na na na na na na Reactivity-based

TwitPiz6 11/13/96 12,000 890 <150 <150 132.0 12,890 8.78 na na na na na na

TwitPiz6 11/13/96 10,000 800 <180 <180 132.0 10,800 8.78 na na na na na na Reactivity-based

TwitPiz5 01/02/97 na na na na na na na na na na na na na

TwitPiz6 01/02/97 2,700 180 <30 <30 35.2 2,880 1.26 na na na na na na

TwitPiz6 01/02/97 2,600 210 <30 <30 35.2 2,810 1.26 <30 <30 <30 <30 1,600 2,300 Reactivity-based

TwitPiz6 01/02/97 na na na na na na na na na na na na na

TwitPiz7 01/02/97 na na na na na na na na na na na na na
TwitSur5 09/04/96 1,300 370 110 <10 14.8 1,780 .607 na na na na na na

~ TwitSur6 09/04/96 270 71 19 <10 3.7 360 .092 na na na na na na
~ TwitSur5 10/23/96 1,400 350 92 <20 16.3 1,842 .662 na na na na na na

~ TwitSur5 10/23/96 1,200 410 120 <20 16.3 1,730 .662 na na na na na na Reactivity-based

:~
TwitSur6 10/23/96 220 120 63 <10 3.6 403 .135 na na na na na na

~ TwitSur6 10/23/96 140 130 98 13 3.6 381 .135 na na na na na na Reactivity-based

~ TwitSur5 11113/96 1,200 350 81 <20 15.7 1,631 .666 na na na na na na

~ TwitSur5 11113/96 930 340 91 <20 15.7 1,361 .666 na na na na na na Reactivity-based

TwitSur6 11113/96 430 170 56 <10 6.2 656 .291 na na na na na na

~ TwitSur6 11/13/96 280 170 73 <10 6.2 523 .291 na na na na na na Reactivity-based

~ TwitSur6 01/02/97 na na na na na na na na na na na na na

TwitSur7 01/02/97 na na na na na na na na na na na na na



Table 13. Mineral data for piezometer and surface-water samples, Twitchell Island, California
[Values are in milligrams per liter; °G, degrees Celsius; TwitPiz, piezometer; TwitSur, surface water; na, not analyzed. Samples are from the California
Department of Water Resources]

Cal- Magne- Sodium, Potas- Alka- Solids,
Site Date Hardness cium, slum, dis- slum, Iinity, Sulfate, Cloride,

dis- dis- Bromide residue
Boron,

dis-as CaCO3 dis- dis- solved dis- lab, as solved solved at solved
solved solved solved CaCO3 180°C

TwitPiz6 03/21/96 32 6 4 68 1.6 43 6 87 0.3 248 0.2
TwitPiz7 03/21/96 63 12 8 46 1.9 68 12 63 .46 270 .4
TwitPiz5 04/11/96 28 6 3 67 1.5 44 6 88 .3 229 .2
TwitPiz6 04/11/96 76 14 10 91 2 64 13 139 .58 379 .4
TwitPiz7 04/l 1/96 121 35 8 100 8.4 176 32 87 1.54 568 .7

TwitPiz5 05/28/96 32 6 4 70 1.8 42 6 95 .33 261 .2
TwitPiz6 05/28/96 156 31 19 134 1.4 143 25 194 1.09 693 .9
TwitPiz7 05128/96 354 94 29 240 7.2 632 38 110 5.47 1,390 .9
TwitPiz5 06/20/96 34 7 4 76 2.1 44 5 105 .38 284 .2
TwitPiz6 06/20/96 136 28 16 130 1.2 132 18 193 1 647 .8

TwitPiz7 06/20/96 288 76 24 228 6.5 499 66 189 4.14 1,370 1.7
TwitPiz5 07117/96 36 8 4 81 2.5 44 5 120 .41 302 .2
TwitPiz6 07/17/96 123 26 14 129 0.6 I 16 18 185 .95 606 .7
TwitPiz7 07/17/96 367 91 34 297 5.9 677 52 193 4.64 1,620 2.0
TwitPiz5 08/16/96 34 7 4 87 2.4 42 5 1 25 .46 287 .2

TwitPiz6 08/16/96 173 38 19 131 0 170 32 185 1.02 756 1.3
TwitPiz7 08116/96 258 64 24 236 4.8 533 48 171 3.32 1,210 1.5
TwitPiz5 09/04/96 40 8 5 91 2.8 45 4 138 .49 310 .2
TwitPiz5 10/23/96 43 9 5 94 2.8 36 4 .144 .53 336 .2
TwitPiz5 II/13/96 43 9 5 95 2.6 36 5 141 .55 319 .2

TwitPiz6 11/13/96 200 52 18 129 1.4 224 29 177 1.34 817 1.1
TwitPiz5 01/02/97 na na na na na na na na na na na
TwitPiz6 01/02/97 517 113 57 112 8.8 26 433 202 .21 1,110 .2
TwitPiz6 01/02/97 na na na na na na na na na na na
TwitPiz7 01/02/97 na na na na na na na na na na na

TwitSur5 09104196 88 17 11 146 4.8 96 4 218 .67 486 .2
TwitSur6 09104/96 60 11 8 29 1 58 12 40 .14 151 <. 1
TwitSur5 10/23/96 88 17 11 139 4 95 4 207 .69 484 .2
TwitSur6 10/23/96 92 17 12 68 1.1 60 25 102 .39 309 .0
TwitSur5 11/13/96 78 15 l0 131 4 91 5 197 .64 434 .2

TwitSur6 11/13/96 88 14 13 68 3.6 68 17 111 .39 290 .1
TwitSur6 01/02/97 na na na na na na na na na na na
TwitSur7 01/02/97 na na na na na na na na na na na
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Table F4. Iron, manganese, and nitrogen species (as N) for piezometer and surface-water samples, Twitchell Island, California
[All measurements are in milligrams per liter, TwitPiz, piezometer; TwitSur, surface water; rut, not analyzed; <, less than. Samples are from the California
Department of Water Resources]

Nitrite
Nitrate, plus Nitrogen,

Site Date dissolved Nitrate, ammonia, Iron Manganese,
dissolved dissolved

(as N) dissolved
(as N) (as N)

TwitPiz6 03/21/96 0 na na na na
TwitPiz7 03/21/96 0 na na na na
TwitPiz5 04/11/96 0 na na na na
TwitPiz6 04/11/96 .3 na na na na
TwitPiz7 04/11/96 .5 na na na na

TwitPiz5 05/22/96 1.7 na na na na
TwitPiz6 05/22/96 I 1 na na na na
TwitPiz7 05/22/96 34 na na na na
TwitPiz5 07/17/96 <. 1 0 0.44 2.53 0.04
TwitPiz6 07/I 7/96 .2 .02 .78 30 .268

TwitPiz7 07/17/96 2.5 .02 4.40 27.2 1.61
TwitPiz5 08/16/96 <. I 0 .56 3.29 .054
TwitPiz6 08/16/96 <. 1 0 .30 60 1.05

TwitPiz7 08/16/96 <. 1 .02 3.60 65.8 1.68
TwitPiz5 09/04/96 .2 .03 .54 3 .038

TwitPiz6 09104/96 na na na na na
TwitPiz5 10/23/96 <. 1 .02 .67 3.07 .059
TwitPiz5 1 !113/96 3.8 na .07 2.99 .054
TwitPiz6 11/13/96 .9 na 1.40 39.2 .714
TwitPiz5 01102/97 na na na na na

TwitPiz6 01/02/97 58 13 .93 na na
TwitPiz6 01/02/97 na na na na na
TwitPiz7 01/02/97 na na na na na
TwitSur5 09104/96 <.1 .01 .02 .383 .025
TwitSur6 09/04/96 <. 1 .03 .03 .113 .017

TwitSur5 10/23/96 <. 1 .02 .12 .567 .069
TwitSur6 10/23/96 <. 1 .02 .02 .731 .044
TwitSur5 11/13/96 <. 1 na .05 .722 .052
TwitSur6 11/13/96 <. 1 na .00 1.44 .092
TwitSur6 01102/97 na na na na na

TwitSur7 01102/97 na na na na na
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